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Abstract 
In recent decades, there has been an increase in recreation on Illinois rivers and 
streams. Canoeing and kayaking are two of the activities that have become more popular. 
On many Illinois rivers there are low-head dams that are a hazard to canoeists and 
kayakers. Structures such as canoe chutes are necessary at dams to provide safe passage 
for boaters. 
Although, many structures for kayak passage have been built at low-head dams in 
the western United States, few definite design guidelines for canoe chutes are present in 
the literature. Therefore, it has been necessary to do a physical model study for all or 
most of the existing structures. Physical modeling is expensive in both time and money. 
With the aim of eventually constructing canoe chutes at low-head dams in Illinois, the 
Illinois Department of Natural Resources asked the Department of Civil and 
Environmental Engineering at the University of Illinois to conduct a study of canoe 
chutes. The aims of the study were to understand more fully the three-dimensional flow 
in canoe chutes and to develop design guidelines for canoe chutes in Illinois. 
As with previous studies on canoe chutes, a physical model of a canoe chute was 
built. However, to save time and money, numerical tests using the program, Flow-3D, 
were done on several design possibilities. The numerical tests were compared to the 
results fiom the physical model. An analysis of the canoe chute using two-dimensional 
momentum equations was performed in order to gain a fuller understanding of the flow in 
canoe chutes. Additionally, an empirical method was developed for predicting hydraulic 
jump behavior in canoe chutes. This method is important for applying the design 
guideline that only wave-type hydraulic jumps are safe in canoe chutes. 
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I. Introduction 
1.1 Background 
In the last two decades there has been an increase in the recreational use of rivers 
in Illinois. Canoeing and kayaking are two of the activities that have grown more 
popular. Low-head dams for flood control and water supply purposes are widespread on 
Illinois Rivers. Unfortunately, these dams are dangerous to boaters and there have been 
many cases of drowning below these dams. Thus, canoeists are forced to portage their 
boats often along these rivers and walk around the dams. Many low-head dams in the 
western United States have been and are being retrofitted with canoe chutes, which are 
structures that provide for safe canoe and kayak passage. These structures are considered 
to be attractive to the communities around them They also draw even more boaters to 
the rivers. 
In most cases, a canoe chute is basically a series of drop structures or rapids 
connected by pools of slower moving water. This setup allows for a more gradual descent 
for the boater fiom the upstream pool to the downstream pool of the dam. The boater 
descends a fiaction of the dam height when passing over one of the drop structures. Then 
he or she can recover fiom the rapid and maneuver for the next rapid while going through 
the slow water pool. 
Since the behavior of the flow in canoe chutes is not well understood, almost all 
of these structures have required physical model studies to ensure that they are safe under 
many flow conditions. These physical models are optimized primarily through trial and 
error changes and some engineering experience. Often, the models are a large time and 
monetary investment that some communities and agencies are unable to afford. 
1.2 Objectives 
With the aim of obtaining design criteria for canoe chutes to be applicable 
throughout the state, the Illinois Department of Natural Resources has asked the 
Department of Civil & Environmental Engineering at the University of Illinois to conduct 
physical and numerical studies with the goal of achieving an optimized structure. The 
initial focus of the study was to understand more hlly the three-dimensional flow in a 
canoe chute. To that end, a literature review was conducted in order to know what was 
already understood about canoe chutes and to learn of the existing guidelines for 
designing canoe chutes. Then, a combination of a physical model and a three- 
dimensional computer model was used. Although, canoe chutes are generally a series of 
drops and pools, one drop was modeled frst to get a basic understanding of the flow. 
The primary objective of the study was to develop clear design guidelines for 
canoe chutes. In the literature, there are some existing guidelines for canoe chutes. They 
are, however, mostly qualitative in nature. The most important guidelines have to do 
with how the hydraulic jumps behave in the canoe chute according to the flow rate and 
the upstream and downstream water surface elevations. It is important for anyone 
designing a canoe chute to be able to predict the flow behavior of the hydraulic jump for 
a given set of boundary conditions. Another important guideline is that the canoe chute 
should not affect the hydraulic efficiency and safety ofthe dam in flood situations. It is 
important to know how the behavior of the discharge coefficient changes as the drop 
structure becomes submerged by the flow. 
The last objective of the study was to determine if a three-dimensional numerical 
model could accurately describe the flow in a canoe chute. If so, it could then be used in 
combination with a physical model of a canoe chute to reduce the time and cost of 
designing such a structure. If the numerical model were completely satisfactory, it could 
be possible to completely replace the physical model with a three-dimensional numerical 
model. Both water surface elevation and velocity measurements are important in 
knowing how accurate the computer model predictions are. At this moment, physical 
models are still needed to ensure effective design of most hydraulic structures, and canoe 
chutes are no exception. 
2. Literature Review 
2.1 Mstiva4isn 
An increase in the use of Illinois rivers and streams for recreation, such as 
canoeing and fishing, has created the need for modification of low-head dams. Structures 
for canoelboat passage are becoming more necessary. Most guidelines for canoehoat 
passage through dams have been developed for whitewater rivers, where boaters are 
skilled in paddling through waves and around obstacles. However, Illinois streams do 
not usually have whitewater, but instead have slow moving water along small gradients. 
Boaters on Illinois streams are usually open-boat canoeists with a wide range of skills and 
experience. Therefore, it is necessary to modify the present guidelines and develop new 
ones that provide safe passage of boaters of all skill levels when designing a canoe chute 
for an Illinois stream. 
2.2 Design Considerations 
The most important design consideration for building a boatchute is safety. One 
of the biggest challenges in designing a boatchute is creating hydraulic jumps that are 
safe for boaters. Several respected designers of boatchutes have discovered that abrupt 
drops can create safe hydraulic jumps for a variety of flows. Taggart et a1 (1984) wrote a 
general paper about the dangers of hydraulic jumps to recreational boaters. In the paper, 
the authors explain how jumps caused by man-made structures are more dangerous than 
naturally occurring jumps in rivers. They also give two basic guidelines for developing 
an abrupt drop chute. The first is that "any supercritical flow must make the transition to 
subcritical flow with the supercritical discharge on the surface and on a horizontal 
attitude." Their second guideline is that "any sort of submerged jump, that is, where. 
supercritical flow traveling down a slope enters a downstream pool in a fashion where it 
continues vertically downward and then the jump occurs with a reverse (or upstream) 
current, should be avoided." These designers looked to the work done on hydraulic 
jumps at abrupt drops in the 1950's by Hsu (1 950) and Morgan and Moore (1 959). 
Hsu's (1950) discussion on the hydraulic jump at abrupt drops provides some 
theoretical background for the design of abrupt drop boatchutes. Hsu states that for a 
given approaching flow's Froude number, the downstream depth may fall into any of 5 
regions. A drawing of these 5 regions is shown in Figure 2.1. At the lower end of 
Region 1, the jump begins to travel upstream. The jump will begin to travel downstream 
at the upper end of Region 5. The drop does not control the jump in Regions 1 and 5. 
Hsu found that the hydraulic jump is stable only in Regions 2 and 4. Region 3 has 
undulating waves. These waves do not break like the waves created in either Region 2 or 
Region 4. 
Jump travels upstream -1 
t 
Jump travels downstream i 
Figure 2.1 -Types of Jump Behavior at an Abrupt Drop 
According to Taggart et al(1984), the desired Regions for the jump for boatchutes 
would be the lower portion of Region 2, Region 3, and the upper portion of Region 4. 
Any jump in Regions 2 and 4 should be examined carefully for keeping tendencies and 
submerged jumps. Because jump behavior changes with flow rate, the biggest challenge 
to the engineer designing a boatchute is the range of flows to consider. After making 
some assumptions about the forces on the fluid, Hsu (1950) was able to apply the 
momentum equation to Regions 2 and 4. The momentum equations developed for 
Regions 2 and 4 are often used in modeling studies of abrupt drop boatchutes. The 
equation for Region 2 is: 
where q is the flow rate per unit width, hz is the depth just before the hydraulic jump, hd 
is the depth downstream of the jump and, ha is the downstream step height. In 
dimensionless form, the momentum equation becomes: 
--
q2  - (Xi

~r:-,, = 
h d )  [I-(?-?) 2 j9; 2 
The momentum equation describing a Region 4 jump is: 
In dimensionless form this momentum equation becomes: 
Moore and Morgan (1959) also provide theoretical background for the design of 
abrupt drop boatchutes. In their paper, they discuss the Froude numbers and tailwater 
conditions necessary for the formation of the A-Jump, the wave, and the B-Jump, as 
described by Moore and Morgan (1959). Moore and Morgan's equations for A- and B- 
Jumps are essentially the same as Hsu's equations for Regions 2 and 4. McLaughlin and 
Grenier (1990), in a model study that will be discussed later, found that the tendencies of 
these A- and B-Jumps to form in Hsu's Regions, as defined by his momentum equations, 
do not always hold true. Their model study also incorporated a horizontal expansion not 
accounted for by Hsu's equations. Thus, it is assumed from this point on that Region 2 is 
the same as an A-Jump, Region 3 is the same as a wave, and Region 4 is the same as a B- 
Jump. Moore and Morgan's paper provides useful graphs that show what kind of jump 
will be formed at a given Froude number and relative downstream depth. Figure 2.2 
contains these graphs. 
Figure 2.2 -Forms of the Hydraulic Jump as a Function of Froude Number and 

Relative Downstream Depth 

Later, Rajaratnam and Ortiz (1977) made further discoveries about hydraulic 
jumps at abrupt drops. They found that for the wave form of the hydraulic jump at an 
abrupt drop, the upstream supercritical flow jet is deflected upwards into a wave 
formation as a result of back pressure below the drop. Then the jet plunges into the 
tailwater and strikes the downstream bed of the river. Figure 2.3 shows the flow pattern 
in the wave form of the hydraulic jump. 
XI (in1 
Figure 2.3 -Flow Patterns in the Wave Form of the Hydraulic Jump 
The authors also noted that the formation of a wave can be completely eliminated 
by a rounded step, which allows the supercritical flow jet to deflect downwards at the 
drop. It is important then that an engineer designing a boatchute be sure that the drops in 
the chute are abrupt and sharp without any rounding to ensure that a wave formation does 
occur. Rajaratnam and Ortiz (1977) ran the portion of the experiment on the wave at a 
variety of Froude numbers, ranging fiom 3 to a little more than 8. One can conclude 
fiom this wide range of Froude numbers that an undulating wave formation is possible at 
most BOW-s. 
Further research on hydraulic jumps at abrupt drops has brought Hsu's 
momentum equation for Region 4 into question. Hager et a1 (1986) considered that there 
was no pressure exerted on the step from the jet flowing over it in the Region 4iB-Jump 
regime. Thus, the pressure on the step is hydrostatic using the water depth as equal to the 
step height, or -= -( h a )- . Equation 2.5 is the resulting dimensionless momentum 
pgb 2 h2 
equation from considering the pressure in this way. 
Hager found this equation to agree with data much more closely than Hsu7s Region 4 
equation. 
Very recently, more research has been done regarding hydraulic jumps at abrupt 
drops. It was found that hydraulic jumps at abrupt drops have certain oscillatory 
characteristics (Mossa 1999). Some of the oscillations noticed in laboratory experiments 
were oscillations between B-Jump and wave behavior, osciiiations between A-Jump and 
wave behavior, oscillations fiom side to side, and oscillating variations in velocity and 
pressure in the region of the flow close to the jump. Recalling Figure 2.2, Moore and 
Morgan have a region of doubt between B-Jump and wave behavior. Mossa believes that 
this region of doubt is where oscillations between B-Jumps and waves occur. 
There are other safety factors to consider in creating a safe boatchute. The 
obstacles in the chute that control the flow should not have sharp edges and comers that 
would cause boaters to suffer from abrasions if they hit the obstacles. Also, the obstacles 
should be placed in such a way and the chute itself should be wide enough so boaters are 
able to maneuver easily and avoid getting pinned. According to Goodman and Parr 
(1994), slalom kayaks are 4 m long and therefore, the boatchute should be at least 4 m 
wide. Since boatchutes on the Fox River are meant to accommodate canoes, the width of 
the boatchute should be at least 20 ft wide to accommodate even the longest canoe. 
According to Goodman and Parr (1994), "obstacles that create surface turbulence should 
be kept below the surface for the most part, and have upstream profiles which will not pin 
a canoe below the surface." Pins often cause boats to fold, which can be very dangerous 
if the boater is still in hisher boat. 
Another design consideration is the degree of difficulty of the boatchute. Many 
chutes in Colorado Rivers are designed to be of class I11difficulty. Perhaps, a boatchute 
in Illinois should only be of class I1 difficulty in order to allow open canoes to safely 
navigate the chute. Some of the class I11boatchutes in Colorado appear to be easy 
enough for open canoes and were designed to be that way. In any case, the engineer 
determines the degree of difficulty of the boatchute by the height of drops in the chute 
and the overall gradient of the chute. Simmons et a1 (1977) provides a graph showing 
whitewater classification versus slope and flow. This graph is in Figure 2.4. 
CUAWWEL JLOCt  ! I T / ? t  
Figure 2.4 -Whitewater Classification as a Function of Slope and Flow 
The Denver Whitewater Channel, i.e. the white water bypass on the South Platte 
Ever  at Confluence Park in Denver, CO, as modified in 1995, looks like it could be 
navigated by open canoes. It is not clear whether or not the original channel in Denver, 
which was built in the late 19703, was navigable by open canoes, but it was intended to 
be used by canoes, as well as kayakers, rafters, and tubers. It should be noted that lower 
drops and shallower gradients that would produce a class I1 boatchute would make the 
chute considerably longer and more expensive than if it were class 111. 
Velocity and depth of the flow in the chute also need to be considered in 
boatchute design. Velocities that are too fast are often the result of low roughness. Low 
roughness values cause instabilities in the eddies and reverse flows. The eddies swirl 
around at high speeds. Low roughness can cause surges. Waves will start to slosh back 
and forth as in a bathtub and will disturb the pattern of the rapids. High velocities also 
cause the water to be shallow. It is important that the water be of sufficient depth that the 
paddle blade can be completely immersed in the water, which is about 18 inches. It is 
also important that the water is deep enough after rapids and waves that a boater can 
perform an Eskimo roll if shehe gets flipped. About 3-4 ft of water would be sufficient. 
Increasing the roughness is an effective means of slowing the velocity. This is often done 
by placing boulders or other obstacles in the channel. As said before, obstacles can often 
get in the way and cause safety problems if they are too numerous. The other problem 
with numerous obstacles is that they can dissipate too much of the water's energy and 
make the chute too slow to be interesting. 
The engineer must also consider the range of flows the boatchute will experience. 
It is important that the jumps created by the drops are safe at all flows for which the chute 
will be used. It is also important that the velocities of flow in eddies are slow enough that 
a swimmer would be able to swim out of them at all flows (Simrnons et al, 1977). If it is 
not possible to design the chute to be safe at all natural flows, it may be necessary to 
place a control device at the entrance to the chute. Boatchute designers have considered 
several different inlet control structures. The main concerns with the control structures 
have been with the type of jump created by the structure and general feasibility of the 
design. Several boatchutes, such as the East Race Whitewater bypass in South Bend, IN, 
and two in England, one at the Teesside Barrage on the River Tees and the other at the 
National Water Sports Centre, Holme Pierrepont near Nottingham, have used hinged flap 
gates to control the amount of flow coming into the chute. 
Scale in metres 
Figure 2.5 - Cutaway Perspective Sketch of Adjustable Weir with Solid Apron 

As shown in Figure 2.5, a hinged flap gate looks like an inverted V and can be raised and 

lowered by overhead cables or by hydraulic cylinders underneath. It is usually necessary 

to place boulders or concrete obstacles on both sides of the chute just downstream of the 

-- 
gate. The obstacles alter the hydraulic jump that is created by the gate and lessen its 
keeping tendencies. At lower flows, the obstacles also help to channel the flow to the 
center and increase the depth of the flow. The designers of the artificial white water 
course at Teesside made further improvements to the hinged flap gate, as shown in Figure 
2.4. 
Figure 2.6 -Cutaway Perspective Sketch of Adjustable Weir with Slotted Apron 
They put tapered slots on the downstream apron of the gate to allow some of the water 
flowing over the gate to flow below the apron and re-emerge at the lower end of the 
apron. This ventilation changed the hydraulic jump formed by the gate to a series of 
waves. It is also important that the chute does not alter the stage in the event of a flood. 
Therefore, it is important that the chute be tested at flood flows in addition to the flows at 
which boating is most likely to occur. 
2.3 Hydraulic Model Studies 
Taggart et a1 (1986) presents the results of a model study of a boatchute on the 
Arkansas River at Pueblo, CO. Figure 2.7 shows the layout of this boatchute. 
Cwmn WALL ' 
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Figure 2.7 -Boatchute on the Arkansas River at Pueblo, CO 
The hydraulics laboratory at Colorado State University did the model study. The dam at 
Pueblo is 11 feet tall, so the boatchute had to be broken up into a series of drops and 
pools. The chute consists of four 2-foot drops followed by four-foot deep rock-lined 
pools. A fifth drop and pool finishes the transition to the downstream riverbed. The 
chutes are trapezoidal with narrowing bottom widths at the downstream end. The 
drawings of the boatchute shown in the paper look very similar to the boatchute in 
Aurora on the Fox River. The model was a Froude model and the scale was 1 to 12. A 
water surface profile was calculated using Hsu's (1950) equations for the hydraulic jump 
in Regions 2 and 4. These equations were done for a unit width because the chute was 
wide. These calculated water surface profiles were then compared to the actual water 
surface profiles in the model to see if the unit width assumption was close. The 
calculated water surface profiles did not match up very well with the actual water surface 
profiles for any of the flows. In the end, however, both the analysis and the model 
showed that an undular hydraulic jump was possible for a wide range of flows. 
McLaughlin and Grenier (1990) did a model study of a generalized boatchute to 
see if any generalized conclusions could be made about boatchute design. The model 
was not done for a particular site. This time the authors determined that the unit width 
equations developed by Hsu (1950) were not applicable due to the rapid expansion where 
the chute and pool meet. Therefore, variations of Hsu (1950) equations were developed 
to consider this rapid expansion in width. The paper also cites Moore and Morgan (1959) 
about the three forms of jumps that occur in the stabilized region, the A-Jump, the wave, 
and the B-Jump. The authors found that the wave form developed close to and 
sometimes below the Region 4 boundary. The A-Jump occurred far below the Region 2 
boundary. Thus, it was found that the momentum equations were not accurate in 
determining when the wave form of the jump would form. The authors speculate that 
there is a configuration of chutes and pool dimensions for which the wave form is created 
for all flows. The wave form is found to be not only optimal for reducing drowning 
hazards, but is also effective for energy dissipation. The authors found that their 
momentum equations, which considered expansion into the pool, did not fit the model 
results. If Hsu's (1950) equations are to be useful for computer modeling of water 
surface profiles in the boatchute, further refinements must be made that consider the 
three-dimensional characteristics of the flow in the chute. 
A study done by the Bureau of Reclamation on the Union Avenue Boatchute in 
Denver (1989) provides a complete report on the steps taken to model the design for an 
actual boatchute. The Union Avenue dam on the South Platte River in Denver, Colorado 
is 15 feet high, so it was necessary that the boatchute be divided into several smaller 
drops. The model was designed to model real life discharges between 100 and 1500 cfs. 
Also it was designed to test the 100-year flood flow. The model was a 1 to 18 scale that 
included the dam, the intake structure, the sluiceway, downstream pool, and the upstream 
bend in the river. The dam, intake, and sluiceway were all individually calibrated before 
the boatchutes were added. The basic model design of the boat pass included 2 
boatchutes with a pool between them and a pool downstream of the second boatchute 
with a weir at the end that was to imitate the tailwater elevations caused by a third 
boatchute. The first boatchute was 32 feet wide with an invert elevation of 5288 feet. 
The second boatchute was also 32 feet wide with an invert elevation of 5284.5 feet. In 
the original design, boatchute 1 curved around to make boats approach boatchute 2. 
Tests were performed on this configuration for flows between 100 and 3000 cfs. Model 
rafts and kayaks hit the right side of boatchute 1, so it had to be straightened, and other 
improvelnents had to be made. 
The second design of the boat passage had the first boatchute at 32 feet wide and 
the second at 64 ft wide. Both chutes had center troughs to concentrate flows at lower 
flows. The left side of boatchute 1 was lowered to force flow to the left. Boulders were 
placed on either side of the chute to concentrate the flow at low flows, but they caused 
undesirable, powerful, keeper waves downstream. Boats also had a tendency to turn 
towards the sluicewall as they passed through the first boatchute. There was also an 
undesirable, powerful, keeper wave at the bottom of the second boatchute. As a result of 
these problems, more alterations to the design were made to get the best design. Two 
ramps across the entire width of the chute were added to each boatchute to change the 
formation of the waves and their size. The trough through the boatchute was extended 
through the first ramp to allow boat passage at low flows. The elevations of the ramps 
were changed several times to fmd the optimum placement of them to reduce wave 
height. A long wedge shape block was placed on the downstream face to get rid of the 
dangerous roller that formed downstream of the dam. Care was taken not to alter the 
discharge coefficient of the spillway with the wedge and cause an increase in water 
surface elevation for the 100-year flood. Also the height of the rocks on the left side of 
boatchute 1 was increased to prevent backflow from entering the chute. Boatchute 2 was 
also directed away from the left bank to prevent the formation of a scour hole and bank 
erosion. 
In the end, the Bureau of Reclamation optimized their design for a 500-cfs flow, 
but the wave formation was good for flows from 50 to 3000 cfs. The authors developed 
guidelines for the standard boatchute design that was modeled in this study. The first 
guideline is that "the second ramp in the boatchute should be placed at an elevation 0.4 
foot above the design elevation of the downstream control. The authors also say that both 
ramps in the boatchute should be 0.75 feet high and 10 feet long, and the tops of the 
ramps are to be horizontal. The third guideline is "the slope of the line connecting the 
crest of the dam with the lip of the second ramp should be 1 to 10. The final guideline is 
that the trough for low flows should extend through the first ramp from the crest. 
Simmons et a1 (1977) provides the results for the modeling of the first boatchute 
constructed in the United States on the South Platte River at Confluence Park in Denver, 
CO. Since there \\'as very little literature on the subject at the time, the designers 
developed some criteria for the channel. Among other necessities, the chute had to 
accommodate a variety of flows and not obstruct the flow drastically during high flows. 
The channel was to be between 500 and 600 feet long with a maximum width of 40 ft. 
The difference in elevation from the top of the dam to the downstream riverbed was 6 
feet. If possible within the financial constraints, the depth of water throughout the 
channel was to be at least 2ft -3ft deep. The chute was to be of class III difficulty, with 
numerous surfing waves and eddies. This class of water is created not only by a certain 
configuration of flow and gradient, but also by obstacles that direct the flow and create 
eddies. These obstacles are placed in such a way that the channel is always at least 25 ft 
wide. The boatchute should be able to be run by swimmers, inner-tubers, rafters, 
whitewater boaters, and open canoeists. The designers determined that an inlet control 
structure was necessary to maintain the elevation of the water surface above the dam 
within inches of 5290.2 ft. The inlet structure had to be relatively cheap to build and 
maintain, not subject to sediment deposition and fouling, and capable of handling flood 
flows. Several designs were considered, but the one selected was a hinged flap gate. It 
was to be operated using overhead cables. Triangular-shaped obstructions were placed 
downstream of the gate, for reasons suggested above in the design considerations. The 
designers also had to determine the slope of the channel. Through model experiments, it 
was determined that an overall slope of .Ol would be used. Actually, the channel was 
constructed to have two 1-ft abrupt drops with the pools before, after and between having 
a .008 slope. This configuration gives an overall slope of -01. It should be noted that this 
boatchute, as modified in 1995, now has about 7 abrupt drops with pools between them. 
2.4 Field Sites 
Plans were obtained for three boatchutes in Colorado. The first site was on the 
Arkansas River in Canon City, Colorado. This boatchute is at the end of a section of the 
Arkansas River on which there are mostly class IV rapids. Thus, the engineer, William 
Taggart, designed this boatchute, or white water bypass as he calls it, to have two waves 
on which boaters could play. Pictures of the site show that boaters do indeed use the 
boatchute for playing. Figure 2.8 is a picture of this boatchute. 
Figure 2.8 -White Water Bypass on the Arkansas River at Canon City, CO 
The picture shows that the boatchute, which is on the left side of the river or the far side 
of the picture, would probably be too rough for flat-water canoeists. While the waves 
formed by the boatchute are not keepers, except perhaps at very high levels, they could 
have the tendency to turn a less experienced boater sideways and flip himher. The 
waves may also be large enough for an open-boater to take on water over the bow of 
hisher boat. -The plans show that the boatchute is an abrupt drop chute that causes a 
hydraulic jump that has a surface jet rather than a jump that has a plunging jet. This kind 
of jump allows boaters to pass safely through the pass rather than getting caught in 
reverse rollers. The plans also show that the structure at Canon City has a fish pass in it. 
It is not known if the fish pass is effective or not as it is doubtful that fish counts have 
occwred. 
The other two sets of plans were obtained fiom the Urban Drainage and Flood 
Control District office in Denver. One set of plans is at the Arapahoe Power plant on the 
South Platte River. Figure 2.9 is a picture of this boatchute. 
Figure 2.9 -Boatchute on the South Platte River at the Arapahoe Power Station, 

Denver, CO 

The boatchute starts flush with the top of the dam and as it descends it becomes a deep V 
shape gradually. As with most chutes in Colorado, the boatchute consists of large 
boulders, some of which are grouted into place and others are just placed and held there 
by their own weight. In addition to the chute being made of grouted boulders there was 
also a grouted boulder portage constructed for boaters who do not wish to use the 
boatchute. Since the dam at this site is only about 4 ft tall the boatchute has quite a mild 
slope. The waves in the structure have a V formation, which helps keep boats straight. 
As a result of the mild slope, the wave formed at the end of this structure is quite small, 
possibly even small enough to be navigated by a novice flat-water canoeist. There are 
pictures of this site showing the V waves, the small wave at the end, the mild nature of 
the chute in general, and the grouted boulder portage. Tne third set of plans is also on the 
South Platte River in Denver. The structure is near highway C-470. A picture of this 
boatchute is in Figure 2.10. 
Figure 2.10 -Boatchute on the South Platte River at Highway C-470, Denver, CO 
From the plans, it is apparent that the design of this structure is similar to that of the 
structure at the Arapahoe Power plant. The chute starts flush with the dam and gradually 
becomes a deep V by the end of the structure. The chute is also constructed of grouted 
boulders. The boulders seem to make this chute quite a bit rougher than the chute at the 
power plant. The dam may also be higher at this site and the chute may have a higher 
slope. V-waves do not seem to be forming. Overall, this chute does not seem easily 
navigable by a flat-water canoe. 
There are also several pictures of the boatchute at Confluence Park on the South 
Platte fiver in downtown Denver. One of these pictures is Figure 2.11. The dam at this 
site appears to be about 8 feet tall. The boatchute is about 350 feet long and consists of 
around 7 drops. Pools follow each drop. This structure appears to be of the abrupt drop 
boatchute type similar to the boatchute on the Arkansas River at Canon City. The 
entrance to the boatchute is a narrow concrete notch. The flow just upstream of the notch 
seems to be slow enough, at least at the water level in the pictures, that the boater should 
be able to line up straight to pass through the concrete entry straight rather than sideways. 
The rest of the boatchute appears to be constructed out of grouted boulders. The drops 
seem to be around 1.5 to 2 feet with safe playable waves at the bottom of each. There is 
enough width for a boat to go down sideways through the drop without getting pinned. 
The boatchute structure begins between 250 and 300 feet upstream of the dam and ends 
at least 50 ft after the dam. The drops could be handled by a canoe, although they may 
appear intimidating at certain flows. The pools give some space for recovery and have an 
eddy on at least one side. The pictures also show a walkway next to the structure for easy 
portaging. 
Figure 2.11 White Water Bypass on the South PLatte River at Confluence Park, 

Denver, CO 

From the pictures, the dam on Boulder Creek in Boulder, Colorado appears to be 
only 3-4 feet high. The boatchute at this site appears to be a very simple abrupt drop 
boatchute. Figure 2.12 is a picture of this boatchute. It may be a bit steep for a flat-water 
canoe. However, the pictures show that tubers can handle the drop quite easily. It would 
be a bit narrow for a full-length canoe, but it is obvious that this chute was not designed 
for canoes. The wave at the bottom appears to be quite harmless, with a nice recovery 
pool afterwards. 
Figure 2.12 -Boatchute on Boulder Creek in Boulder, CO 
The pictures of the canoe chute on the Fox River at Aurora, Illinois indicate that it 
is closed. Figure 2.13 is a picture of the Aurora canoe chute. It is thought that the city of 
Aurora wanted to close the chute because many canoeists flipped in the chute and the city 
thus considered it to be unsafe. So far, there has been no news of any fatalities at the site. 
A few things wrong with the chute can be noticed fiom the pictures. First of all the first 
drop appears to be too steep for canoes to handle. Secondly there is a bridge pier quite 
close to the first drop. Since there wasn't any flow at the time when the pictures were 
taken, one cannot tell if the pier would cause any problem. However at high flows, one 
would think that a side wave could come offthe pier or that there could be a strong eddy 
current immediately above the pier. Another thing that appeared to be wrong with the 
canoe chute is that it is too narrow. The structure has not been seen during a high flow, 
but it seems that a canoe could get pinned sideways just upstream of a drop structure in 
the chute. High flows could potentially fold a canoe if it was pinned above a drop. The 
third problem with the canoe chute is not readily apparent from the pictures. One can tell 
fiom the pictures that some landscape had been washed out along the canoe chute 
structure. This is the result of the wall between the chute and the dam not being high 
enough. Water, during very high flows tops the wall and scours out the canoe chute. It 
would be interesting for this research on boatchutes to see the canoe chute at Aurora 
running so that one could get a better idea of how it worked and what was wrong with it. 
Figure 2.13 -Canoe Chute on the Fox River at Aurora, IL 
2.5 Design Recommendations 
Since it  is not the intention to build an artificial whitewater course, but rather a 
boatchute, the boatchute should be relatively short to conserve expenses on materials. On 
the ~ t h e ihziid. t+e chute should be long snough that its gradient is flat enough to produce 
flow conditions that are safe for an open canoe. Although the boatchutes on Illinois 
rivers are to be used primarily by open canoes, it is still appropriate to use the abrupt drop 
followed by a pool sequence that is commonly used in whitewater bypasses through 
dams. For the open canoe, it would be necessary to make these drops around 1 foot, 
instead of 2-3 feet, in order to avoid the creation of large waves that would break over the 
fiont of the canoe. Specifically, the dam at Batavia is about 6 feet tall, so around 6 one-
foot drops would be necessary. It is still uncertain how long the entire boatchute would 
be since the length of the pools following the drops is unknown. The length of pools is 
determined by the tailwater elevations and backwater profile created by the next drop. 
Therefore, a model study is necessary to determine the pool lengths. The tailwater should 
be of sufficient depth so that no dangerous hydraulic jumps are created at a drop. The 
width of the boatchute should be at least 20 feet in order to handle the longest of canoes. 
In the pools the chute should be about 40 feet wide to make room for eddies for boaters to 
recover from the drops. 
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create a boatchute that is safe at the flows that will be experienced then an inlet control 
structure should be added. An inlet control should be avoided, however, if possible 
because it will increase the cost of construction and operating costs of the boatchute. It 
would be ideal not to have any sort of structure that would have to be adjusted in 
accordance with the flow. If is it absolutely necessary to have an inlet structure, the best 
design would be one similar to the ventilated hinged flap gate on the River Tees 
whitewater course. It is necessary to do a model study to determine the length of the 
pools and the necessity of an inlet structure. The placement of any obstacles in the canoe 
chute mlrst also be tested for both low and high flows. 
Finally, boatchutes are usually either constructed out of boulders or with concrete 
drops. Concrete drops have ramps on them to help create V-waves instead of waves that 
are perpendicular to the flow. Boatchutes made out of boulders are usually flat across the 
bottom at the top and gradually become a deep V at the lower end of the chute. This 
deepening V also helps to create V-waves. In the case of the concrete boatchute, 
sometimes obstacles are necessary at the bottom to guide the flow. At high flows they 
help to create V waves and at low flows they direct the water towards the center and 
increase the water depth. The deepening V in boulder chutes helps to direct the flow at 
low flows to make the water deeper. While the concrete canoe chute can be figured and 
constructed nearly exactly to create friendly flow, there is probably a wider range of error 
in construction for the boulder chute in which a safe flow is created. This is because the 
unnatural edges and smoothness of concrete is very different fiom the way the river is in 
nature. The boulder chute is more like the way the river is naturally. Holes created by 
the boulders are less likely to be keepers. Also, boulders would be rougher and therefore 
would slow the flow down more. The boulder chute would probably be more 
aesthetically pleasing as well. Unfortunately, in Illinois there are very few boulders. 
Thus. a boatchute would either be constructed with concrete chutes and ramps, or with 
boulders made out of concrete. Another possibility could be to import boulders fiom 
Wisconsin. 
2.6 Preliminar? Design for One Drop Structure 
From the design recommendations, a preliminary design is needed to be tested 
both numerically and in a physical model. The preliminary design was modeled 
somewhat from the drawing of the boatchute on the Arkansas River at Pueblo. It is 
constructed out of concrete. The drop structure is narrow compared to the pools. The 
drop structure is sloped on top, so that the descent of the boater takes place over the drop 
instead of in the pools. The downstream end of the top of the drop structure is horizontal 
to force the surface jet to remain horizontal in the pool without plunging to forrn a 
dangerous hydraulic jump. The drop structure is as short as possible to keep the amount 
of concrete to a minimum. 
Figure 2.14 presents the basic features of the design. As recommended, the pool 
widths are 42 ft, while the width of the drop structure is only 20 ft. The length of the 
drop is 5 ft, with 4 fi being sloped and 1-ft horizontal. The upstream height of the 
structure is 6 ft, while the downstream height is 4 ft, with the downstream floor of the 
pool 1-ft higher than the upstream pool floor. These numbers allow the structure to stay 
within the recommendation that open canoes can only handle 1 to 1.5 ft of drop in any 
one structure, and also provide the kayaker with at least 4 ft of water depth in which to 
roll. Thus, the slope of the top of the drop structure is a 1-ft drop in height over 4 ft of 
length. This is the structure that is initially tested with the numerical model, Flow-3D. 
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Figure 2.14 -Preliminary Design of One Drop Structure 
3. Use of Flow3D in the Initial Design of the Canoe Chute 
3.1 Description of Flow3D 
Flow-3D, developed by Flow Science, Inc., is a powerful three-dimensional 
numerical model to solve computational fluid dynamics problems. The model solves the 
three-dimensional Navier-Stokes equations by the volume-of-fluid (VOF), combined 
with a finite-volume approximation. The VOF method assumes the region to be modeled 
as subdivided into two components. These components can be two fluids or a solid and a 
fluid. In either case, a generalized Heavyside function is introduced that sets the value of 
zero in one region and the value of one in the other region. Then, the equations to solve 
are multiplied by this function and integrated over a typical control volume. Flow-3D 
performs a tracking of the free surface, solving the well-known kinematic condition. A 
staggered grid is used only for the velocities. The numerical scheme used has a first- 
order accuracy with respect to time and space increments. 
One of the most powerful capabilities implemented in Flow-3D is the separation 
between the processes of meshing and building the obstacles in the model. The obstacles 
are defined independently fiom the mesh by a "solid modeler". The solid modeler allows 
the use of general quadratic functions. This technique determines solid volume ffactions 
in each cell, which is supplemented with area ffactions in each of the three coordinate 
directions. 
Flow-3D supports turbulence closure through a number of advanced and widely 
accepted schemes, which include Pranatl's mixing Iengrh theory, one and two equation 
k-E models, Large Eddy Simulation (LES), and the Renormalized Group Theory (RNG). 
The model has a number of very interesting capabilities such as the ability to construct 
non-uniform grids, automatic time-step selection, and the possibility of including rotating 
objects. Other notable features are the graphical and user-fkiendly pre- and post- 
processing in one, two and three dimensions, including a stereolithography file viewer, 
and a grid overlay procedure, which allows a previous computation to be restarted using a 
different grid. The model shows it is very capable of accurately simulating fkee surface 
flow such as flow around a bridge-pier, flow over a weir, and flow in a Parshall flume 
(Hirt and Williams, 1994). 
3.2 Numerical Tests of the Preliminary Design 
Half a drop was simulated, in order to reduce the computational costs. This 
approach disables a detailed study about the chaotic behavior of the flow, according to 
which the jet over the drop could move fiom side to side (Hirt and Williams, 1994). The 
different parts of the structure were easily introduced in the program through the Flow- 
3D-solid-modeler. 
One of the main concerns in the modeling was related to the longitudinal 
dimensions of the computational domain. A short domain, either upstream or downstream 
the drop, could leave the numerical solution without a reliable description of the main 
relevant features of the flow. The .Free- surface measurements reported by Rammurthy et 
al. (1988), made for rounded-edged broad-crested weirs, show that, upstream, the 
approximate limit where the surface profiles are horizontal is located at 2 H fiom the 
upstream face, where H designates the upstream head. In order to have the possibility of 
simulating several upstream heads, the upstream boundary condition was located at 12.5-
fk from the upstream face of the drop, which clearly satisfies the above requirement. 
Towards downstream, lengths of the computational domain of 15 and 40 A were tested. 
In the transverse direction, 20 ft were represented (half a drop). The domain extended up 
to 12 f t  in the vertical. Downstream, the floor was located 1 A over the upstream floor. 
The computational mesh-cell size had to allow for a good representation of the 
main features of the flow. In the case of the drop, the bottleneck is the flow over the 
structure, where small depths occur. At the same, the discretization had to be compatible 
with the selected turbulence closure model. In order to achieve a trade-off between speed 
of the computations and representation of the flow, a mesh of 160 cells in the stream-wise 
direction, 28 in the transverse direction and 35 in the vertical was adopted, giving a total 
of 156,800 nodes, which illustrates the computational effort. No special distribution of 
the cells was specified. Thus, the largest cell in the stream-wise direction had 0.19 ft, in 
the transverse direction had 0.71 A and in the vertical direction had 0.33 A. 
The turbulence closure model used in the calculations was the implemented 
version of LES (Large Eddy Simulation) in Flow-3D, applied by Hirt and Williams 
(1994) in the simulations of Parshall flumes. The use of LES in this case could be 
considered not accurate enough for the range of obtained cell sizes and the absence of 
feeding for the turbulence at the boundary conditions (which is one of the requirements of 
LES; Street, 1999). On the other hand, the predictive problems of other turbulent 
closures when the Reynolds stresses are anisotropic are well known. A systematic 
comparison of the LES r iwith a using a k-E closure was done. 
For the modeling of the drop structure, the following boundary conditions were 
adopted. Bottom top, fiont and back boundaries were all designated as symmetry planes, 
while left and right sides were given pressure values. In all the runs, 40 seconds were 
simulated. At this time, pseudo-stationary periodic conditions were attained. 
Figures 3.1 and 3.2 show instantaneous computed vector fields (in a side view) 
for the basic design, for a condition consisting of water depths 8 ft upstream and 7 ft 
downstream, using different domain sizes. 
Figure 3.1 - Velocity field at a plane located along the centerline for computational 
domain 15 ft long downstream 
Figure 3.2 - Velocity field at a plane located along the centerline for computational 
domain 40 ft long downstream 
Figure 3.1 corresponds to 15 ft of length downstream and Figure 3.2 to 40 ft. For this last 
run,a mesh of 190 cells in the longitudinal and 40 cells in the other directions was used. 
The domain was reduced up to 9 ft in the vertical in order to optimize the mesh. The run 
for the first case took 8 hours while the second case took more than 20 hours. 
The plane depicted in the figures corresponds to the centerline. The comparison of 
the results in the two figures shows that there is a slight difference in the velocity 
distribution (of minor importance) and in the description of the first wave. This last 
difference can be attributed to the different spatial resolutions used. 
Several runs were done with other turbulent closures. The conditions for the run 
depicted in Figure 3.1 were used. It is important to note that the LES run is time- 
dependant and the k-Eone gives time-averaged values. Figure 3.3 shows the velocity field 
for a k-E model solution, for 40 seconds of simulation. It is seen that the differences in 
prediction are not too large in this case, despite the time-dependant character of the LES 
solution. 
Figure 3.3 -Velocity field at a plane located at the centerline. Turbulent closure 
model: k-E 
The following test consisted in analyzing the behavior of the flow for a prismatic 
drop without slope. Figure 3.4 shows the results of the run corresponding to the vertical 
plane containing the centerline, in which it is possible to see that the flow is qualitatively 
similar to the one depicted in Figures 3.1 and 3.2. The most important velocities are 
located in a relatively thin region close to the fiee surface. 
Figure 3.4 - Velocity field at a plane located at the centerline and with a 
horizontal drop 
Other results given by these initial tests, all done with a 15-fi-long domain, were 
that increases in the slope, keeping the total width of the drop in 5 fi, result in decreasing 
velocities. the use of different roughnesses did not give significative differences in the 
discharge. and rounding of the upper part of the drop proved to be effective only for 
avoiding the separation in the upper part of the drop, but it exerted no influence on the 
general pattern of the flow. 
The behavior of the structure was studied and analyzed for different stage 
situations, including submerged conditions. Each of these runs took about 8 hours. A 
three-dimensional view of the flow over half a canoe chute for the first test, is shown in 
Figure 3.5. The wavy pattern is clearly seen right after the lateral contraction. 
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Figure 3.5 - 3D view of the flow over a canoe chute 
From the results of the initial tests, a structure very similar to the preliminary 
design was chosen. One notable difference was that the slope of the first 4-ft of the top 
of the drop structure was increased so that the total drop in height was 1.3 ft  in 4 fi of 
length. The other change was that the downstream pool floor was left at the same 
elevation as the upstream pool floor. A drawing of the resulting design is shown in 
Figure 3.6. 
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Figure 3.6 -Resulting Design of One Drop Structure from Flow3D Modeling 
4. Physical Model of One Drop Structure 
4.1 Dimensional Analysis 
Before any measurements are made on the model, it is important to know the 
important variables in the drop structure. Then, it is clear which measurements are 
necessary to make. Also, it becomes clear which variables need to be changed in order to 
come to a full understanding of the flow in a canoe chute. Thus, for one drop structure 
the important variables are: 
L = the overall length of the side walls of the drop structure 
1 = the length of the drop structure in the middle 
B = the width of the pools 
b = the width of the narrow part of the drop structure 
h,= the depth of the pool upstream of the structure 
hd = the depth of the pool downstream of the structure 
h, = the upstream height of the drop structure 
h,= the downstream height of the drop structure 
hz = the smallest depth of water over the drop structure 
H = the head of the upstream pool above hs 
Q = the flow rate 
g = gravitational acceleration 
v =kinematic viscosity of water 
The geometrical variables, that is, the frst ten variables, are shown in Figure 4.1. There 
were several geometric variables that were not considered in the analysis, such as the 
total height of the structure. These variables are not labeled in the figure. 
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Figure 4.1 -Definitions of Geometrical Variables in a Drop Structure 
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length and time, then there are 11independent dimensionless relationships that can be 
formed. However, since there is only a finite period of time for the study at hand, several 
variables were chosen to be left constant. These were L, 1, B, and b. The variables, b and 
B, will be used in some of the calculations, so they remain in the following analysis. 
Therefore, nine dimensionless relationships can be formed using the remaining variables. 
For simplicity, h, will be used as the common length parameter. All graphs and most 
equations are going to be in terms of these nine relationships or a combination of them. 
In addition to testing the structure in Figure 3.6, two more individual structures are tested. 
These additional structures are tested to insure that h, is a proper variable to use in 
making the other variables dimensionless. If data fiom different structures do not 
collapse on graphs using h,, then it is not a good variable to use in making the other 
variables dimensionless. In model scale, the step heights of the three individual 
structures are 0.67 ft., 0.86 fi., and 1.05 fi. The nine dimensionless relationships using hs 
are: 
4.2 Experimental Setup of the Physical Model of the Canoe Chute 
The physical model of the canoe chute is a one to seven scale Froude model. For 
example. if the width of a pool in the canoe chute is 42 ft  wide, then in the model scale 
the width of the pool would be 6 feet. A Froude model is used because the important 
forces in the canoe chute are gravitational forces, frictional forces, and inertial forces. A 
Reynolds model would be used if viscous forces were important. However, this is not the 
case in this physical model since all of the flows are hlly turbulent and Reynolds number 
effects can be expected to be negligible. 
The canoe chute model was placed in an existing flume in the Ven Te Chow 
Hydrosystems Laboratory. The flume is 161 feet long, 6 feet wide, and 4 feet deep. The 
flume can be tilted &om a 0% to a 2.5% slope. For this physical model, the flume was 
left at a 0% slope. Flow through the flume is measured through the use of a Dall Flow 
tube installed inside the inflow pipe. The tube is connected to a 50-inch maximum 
displacement manometer filled with blue manometer fluid having a specific gravity of 
1.75. The measurement system was calibrated using a volumetric tank located at the end 
of the flume. The cross-sectional area of the tank is 63-sq. ft. and the depth of the tank is 
23 ft. Flow rates were simply measured in the following way. First, a flow was set and 
the manometer displacement was read. Then the initial depth in the volumetric tank was 
measured and a stopwatch was started at the same time as the water started flowing into 
the tank. The stopwatch was then stopped at the same time as the water was stopped 
fiom flowing into the tank. The depth was measured again and the difference in the 
depths divided by the time on the stopwatch gave the flow rate through the flume. The 
measured flow rates are plotted against the manometer displacement in the calibration 
curve, which is Figure 4.2. 
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Figure 4.2 -Calibration Curve 

Depth measurements were made with a 3-fi long, 0.001-fi accuracy point gage 
that was mounted on a steel beam the spanned the width of the flume. The steel beam 
was part of a movable personnel carriage that could be moved in the longitudinal 
direction along the flume's length. The point gage was able to slide along the beam in 
the flume's transverse direction so that depth measurements could be made at several 
transverse lo cat ions. However, most depth measurements were made along the center line 
of the flume. A coordinate system in three directions was created in order to locate 
precisely the point gage. The accuracy of this system is 0.01 fi in the longitudinal and 
transverse direc~ions and 0.001 ft iri the vertical. 
Veloci~.measurements were also taken on the physical model. An ADV 
(Acoustic Doppler Velocirneter) was used since the flow in a canoe chute is three- 
dimensional. The ADV has a sampling volume of 5 crn of height, for which water depth 
must be at least 5 cm. This condition is not met often over the drop structure. The ADV 
was mounted on the aforementioned carriage with a specially designed device in order to 
provide the probe with enough moment of inertia in the longitudinal direction so as to 
minimize the vibrations. 
4.3 Depth Measurements 
The initial experiments in the model were to determine how the behavior of the 
flow over one drop structure changed with tailwater depth and flow. For each set of 
experiments, a flow was set, the manometer was read and the displacement of the blue 
fluid was recorded. Then a tailwater depth was set, and depth measurements were made 
at several locations along the flume. The tailwater depth was changed then, and 
measurements were taken again at several locations along the flume. Tailwater depths 
continued to be increased until the drop structure became submerged and there was no 
longer supercritical flow in the model. Two important depths to record, in addition to the 
tailwater depth, were the upstream pool depth and the smallest depth over the drop for 
each tailwater depth. Since the location of the smallest depth depended on the flow and 
the tailwater depth, it was impractical to have set locations where depths were measured. 
Instead a tape measure was glued to the side of the flume, so that the exact longitudinal 
location was known. Tailwater depth and upstream pool depth were measured in 
locations that corresponded to the boundary conditions set in the Flow-3D model. Flows 
through the model ranged fiom 0.89 cfs to 3.20 cfs. Tailwater depths varied between 0.4 
ft and 1.27 ft. Data kom the depth measurements can be found in the Appendix in Tables 
A.1, A.2, and A.3. 
4.3.1 Determination of the Discharge Coefficient 
It is very important to know the discharge coefficient, CD,of the structure for 
several reasons. If the discharge coefficient of the canoe chute is vastly different fiom 
that of the dam, then the flow discharge though the canoe chute could be underestimated, 
especially during a flood. The other reason why the discharge coefficient for the drop 
structure is necessary is that it is needed in the overall design of the canoe chute. If the 
engineer designing the canoe chute knows the range of flows and the corresponding 
tailwater depths for a dam, then the discharge coefficient gives the depth upstream of the 
structure, according to Equation 4.1 : 
Q = C, & b ~ "  
Then, h,= H + h,. Equation 4.1 can be written in dimensionless form as: 
Knowing the upstream depth for every structure, in addition to the flow and the 
downstream depth, the engineer can begin to estimate the number of drop structures 
needed in the canoe chute. 
Figure 4.3 is a graph of Qdim/(b/hs) vs. Wh, for all of the single drop structures of 
various heights. for varying degrees of submergence of the step, that is, for various values 
of hd/h,. A power relationship is fit to each set of points corresponding to a constant 
hd/h,. Most of the lines follow approximately Equation 4.3: 
The average of the discharge coefficients for varying degrees of submergence is Co = 
0.59. All three of the single drop structures of differing heights had the same discharge 
coefficient, according to Figure 4.3. 
Figure 4.3 -Determination of CD 
4.3.2 Prediction of Jump Behavior Using Momentum Equations 
As reported in the literature review, Hsu (1950) developed momentum equations 
to describe the hydraulic jump that takes place at an abrupt drop in the channel floor. 
There are two ways of thinking about Equations 2.2 and 2.4. One can either consider that 
all A- Jumps follow Equation 2.2 exactly, and all B-Jumps follow Equation 2.4 exactly. 
The alternative way of thinking of these equations is to consider Equation 2.2 to be the 
upper bound of the Froude number in the A-Jump region and Equation 2.4 to be the 
lower bound of the Froude number in the B-Jump region. Thus, the wave region would 
be between Equation 2.2 and Equation 2.4. From Figure 2.2, it is evident that A-Jumps 
and B- Jumps do not follow particular equations exactly since both types occur over a 
region in the graphs. Perhaps this idea can be explained better using Figure 4.4. The 
solid line represents Equation 2.2 or the lowest values of hd/h2 for the A-Jump region. 
For values of hd/h2 greater than the solid line, there should be A-Jump behavior. Another 
way of reading the graph is that A-Jumps occur when the experimental Froude number is 
less than that of the solid line for a certain value of hd/h2. Similarly, the dashed line 
represents the highest values of hd/h2 for the B-Jump region, or Equation 2.4. If hd/h2 is 
less than that of the dashed line, then there should be a B-Jump. Similar to the A-Jump 
prediction, if the experimental Froude number is greater than that of the dashed line then 
there should be B-Jump behavior. The wave behavior, of course, happens when either 
hd/h2 is less than the solid line and greater than the dashed line for a given Froude 
number, or the experimental Froude number falls between the solid line and the dashed 
line for a given hd/h2 value. The Froude number in Figure 4.4 is defined as Q 
Jgbh:. 
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Figure 4.4 -Hydraulic Jump Regions 
As mentioned in Chapter 2, there are two different equations for predicting B- 
Jumps at abrupt drops. For the B-jump, Hsu considered the pressure on the face of the 
step as: 
Hager (1986), on the other hand, considered there to be a zone of separation between the 
surface jet and the water in the downstream pool. Thus, for B-Jumps, he considered the 
pressure on the face of the step to be hydrostatic with: 
L 

Unfortunately, flow in a canoe chute is not as simple as flow over an abrupt drop. 
In addit ion to the abrupt drop, there is also an rapid expansion at the downstream end of 
every drop structure. Equation 4.6 is the momentum equation for a flat-bottomed channel 
going through a rapid expansion. 
Where U3 is the longitudinal velocity after the jump, U2 is the longitudinal velocity 
before the jump. and the other variables are as previously defined. 
Momentum equations for A- and B-Jumps were developed using a combination of 
Equations 2.1 and 2.3 and Equation 4.6. For simplicity, the rapid expansion was 
considered to be independent of the abrupt drop and the angles of the sidewalls were 
neglected. Equation 4.7 is the resulting momentum equation for the A-Jump. 
In dimensionless form, the momentum equation for the A-Jump becomes: 
If one is using Hsu's assumptions, the resulting momentum equation for the B-jump is: 
In dimensionless forrn this momentum equation becomes: 
2 
---
Q2 (4.10)FrB-Hru-mod - gbh; -
Hager's equation for B-Jumps was also altered to account for a rapid expansion in 
channel width. The resulting momentum equation for the Hager's B-Jump is: 
In dimensionless form this momentum equation becomes: 
The data was compared to these equations in the following way. As mentioned 
before, a flow rate, Q, was set and recorded, tailwater depth, hd, was set and recorded, 
and then incoming flow depth, h,, and the depth just before the hydraulic jump, h2, were 
recorded. Additionally, the observed behavior was classified as A-Jump, A-JumpIWave, 
Wave, B-JumpIWave, or B-Jump. Then the tailwater depth was changed and hd, h,&, 
and the behavior were recorded again. This was repeated several times, then the flow 
rate, Q, was changed again, and the depth measurements were made again in the same 
way. 
The first test against theory was to see if the rapid horizontal expansion needed to 
be considered at all. Thus Hsu's and Hager's equations were tested in their original form. 
Hsu's equations were tested first. For a given tailwater depth, and depth upstream of the 
jump, the theoretical Froude numbers, FrA-HSU were calculated according to and FrBHsu, 
Equations 2.2 and 2.4. The experimental Froude number, Fr,,, was also calculated by 
dividing the experimental flow rate Q b y ( b d z ) .  As explained previously using Figure 
4.4, if Fr,,, was greater than FrB-Hsu, according to Equation 2.4, then the behavior was 
considered to be a B-Jump. If Frexp was less than FrB-Hsu, according to Equation 2.4, but 
greater than FT*-~~,,.according to Equation 2.2, then the behavior was considered to be a 
wave. If Fr,,, was less than FrA-Hsu, according to Equation 2.2, the behavior was 
considered to be an A-Jump. 
It is important to note that data points could be disregarded for several reasons. 
Anytime FrA-klwas less than one, the data point was thrown out with one exception. If a 
B-Jump was obsen-edand FrB-Hsuwas greater than one, then the data point was kept 
regardless of the value of FrA-Hsu.similarly, anytime FrB-HsU was less than one, the data 
point was thro\+nout. There was no exception to this rule, since if FrBasu is less than one 
so is FrA-Hsu less than one. Also, anytime FrB-Hsu was undefined, the data point was 
thrown out. On the other hand, when FrA-HSu was undefined, A-Jump data points were 
thrown out. As long as FrBeru was greater than one, wave and B-Jump data points were 
kept regardless of FrA-Hsu being undefined. 
The prediction of the behavior by Hsu's original equations was poor. Hsu's 
equation to separate A-Jumps from waves, Equation 2.2 was successful in predicting 
waves, but also predicted most of the observed A-Jumps to be waves. Figure 4.5 shows 
in graphical form how well this equation worked. For this figure, the A-Jumps should be 
above and to the left of the 45-degree line, and the waves should be below and to the 
right of the line. 
1 1.2 1.4 1.6 1.8 2 2.2 2.4 
rexp 
Figure 4.5 -Ability of Equation 2.2 to Predict A-Jumps and Waves 
Equation 2.4, Hsu's equation to separate B-Jumps fiom waves, was very 
unsuccessful. The equation was undefmed for all of the observed B-Jumps. It also 
predicted almost half of the waves to be B-Jumps. The success of this equation can be 
seen in Figure 4.6. Waves should be above and to the left of the 45-degree line, while £3-
Jumps should be to the right of and below the 45-degree line. 
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Figure 4.6 -Ability of Equation 2.4 to Predict B-Jumps and Waves 
Then Equation 2.5, Hager's equation for separating B-Jumps fiom waves was 
tested for Fr,,, that had been observed to be either a wave or a B-Jump. Again, data 
points were thrown out for the same reasons as when using Hsu's equations. As can be 
seen ffom Figure 4.7, Hager's equation was successful at predicting B-Jumps, but also 
predicted some waves to be B-Jumps. Thus, prediction of the behavior was still very 
poor. 
Figure 4.7 -Ability of Equation 2.5 to Predict B-Jumps and Waves 
Since neither Hsu' s nor Hager's momentum equations for a channel with constant 
width accurately predicted the behavior of the hydraulic jumps for the drop structure, the 
momentum equations modified for a rapid expansion were tested. Again, the Fr,, values 
were used, but this time they were compared with FrA-Hsumod, and F T ~ - ~ ~ ~ ~ ~ - ~ ~ ~  FrB-Hsu-mod, 
First, Fr,, was compared to the Froude numbers given by the modified Hsu momentum 
equations, Equations 4.8 and 4.1 0. As with the previous comparison, if Frexp was greater 
than FrBHsu-mod, wasthen the behavior was considered to be a B-Jump. However, if Frexp 
less than FrB-Hsu-mod, then the calculated behavior was a wave. but greater than FrA-Hru-mod, 
If Fre, was less than FrA-Hsu-mod, then the behavior was considered to be an A-Jump. As 
noted previously, when the equations failed to predict a hydraulic jump, then the data 
point in question was disregarded. 
Figures 4.8 and 4.9 show the accuracy of Hsu's momentum equations modified 
for rapid horizontal expansions. Figure 4.8 is a graph of how well Equation 4.8 
distinguishes between A-Jumps and waves. A-Jumps, the diamonds in the figure, should 
be above and to the left of the 45-degree line, while waves, which are the triangles, 
should be below and to the right of the 45-degree line. It is evident fiom the figure that 
there are three A-Jumps that are calculated to be waves, but they are very close to the 
line. One can also see from the figure that there are two waves that are calculated as A-
Jumps. One of them is quite a ways into the A-Jump region. It should be noted that 
tailwater depth can be somewhat difficult to measure accurately for waves, so some 
experimental error is introduced. 
Figure 4.8 -Ability of Equation 4.8 to Predict A-Jumps and Waves 
Figure 4.9 shows the capability of Equation 4.1 0 to predict B-Jumps and waves. 
For B-Jumps, the equation was always undefined, so there are no points on the graph 
corresponding to observed B-Jumps. The equation, according to Figure 4.9, predicts a 
number of waves to be B-Jumps. According to Figure 4.8, Equation 4.8 is very 
successful at separating A-Jumps from waves. Equation 4.10, however, according to 
Figure 4.9, is not successfhl at predicting the division between B-Jumps and waves. 
Figure 4.9 -Ability of Equation 4.10 to Predict Waves and B-Jumps 
The Fr,,, values for waves and B-Jumps were then compared to the modified 
form of Hager's momentum equation, Equation 4.12. Figure 4.10 shows the accuracy of 
Equation 4.12 in predicting the division between waves and B-Jumps. 
Figure 4.10 -Ability of Equation 4.12 to Predict Waves and B-Jumps 
For this graph the waves, which are denoted as triangles as in the previous figure, should 
be above and to the left of the 45-degree line. The B-Jumps, the circles in the figure, 
should be below and to the right of the 45-degree line. The figure shows that two B-
Jumps are predicted to be waves and two waves are predicted to be B-Jumps. Thus, the 
modified form of Hager's equation, Equation 4.12, is reliable in predicting waves and B- 
Jumps. 
4.3.3 Empirical Prediction of Jump Behavior 
For design purposes, it is necessary to develop an empirical method for predicting 
jump behavior. The empirical relationships should be as practical as possible and should 
use information from known boundary conditions. Therefore, h2, the depth just upstream 
up the hydraulic jump will not be used in the empirical relationships, since it is not a 
value known fiom boundary conditions and cannot be measured easily. Instead, the 
depth of water above the downstream height of the step, hd-b,will be used in the 
empirical relationships. Also, in an effort to reduce the number of necessary graphs, 
variables will be made dimensionless using h,. Thus, different graphs will not be needed 
for different step heights. Figure 4.11 is a graph of (hd-hJ/h,vs. ~ / d g h : .The 
divisions between the three distinct types of hydraulic jumps are very clear on the graph. 
Figure 4.1 1 can be used in combinationwith Figure 4.3 for design purposes. The design 
procedure using these figures and other site information is outlined in Chapter 7. 
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Figure 4.11 -Empirical Method of Predicting Jump Behavior 
4.4 Velocity Measurements 
Velocity measurements were taken for a wave-type hydraulicjump for the drop 
structure with step height, hs= 0.86 ft. As mentioned before, the measurements were 
made using an ADV. While depth measurements were taken along the centerline of the 
channel, velocity measurements were taken at the left edge of the channel and at about 
one and a half feet from the left edge of the channel, in addition to measurements at the 
centerline. For every location in the horizontal plane, velocity measurements were made 
at six locations in the vertical. At every point in the vertical, the velocity measurement 
ran for four to five minutes in order to get a good average. Figure 4.12 shows how the 
mean velocities change with time. Ideally, the mean velocities should become const ant 
after some period of time. It is evident in the figure that the mean velocities in the x and 
z-directions are nearly constant, but the velocity in the y-direction is not. Instead, it 
appears that the mean y-velocity is increasing with time. This trend was not expected for 
a wave. There were visible side to side oscillations that moved slowly for some B-Jump 
conditions. These oscillations were not visible, however, during wave conditions. 
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Figure 4.12 -Changes in Mean Velocities over Time 
As mentioned previously, the PDV takes ~easurements5-cm below its legs. All 
three legs must be submerged in the water to get a signal fiom the instrument. This 
condition meant that it was almost always impossible to get velocity readings over the 
drop structure. It also meant that most of the time the top-most reading at a location 
downstream of the drop structure would be below the surface jet coming off of the 
structure. Figure 4.13 shows how the longitudinal velocity profiles evolve as the flow 
moves downstream. Note that the downstream edge of the drop structure is at 33.667 ft. 
The fkther downstream, the deeper the surface jet spreads into the water depth. This 
spreading of the surface jet can also be seen in some of the Flow-3D runs, such as in 
Figure 3.3. 
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Figure 4.13 -Longitudinal Profiles in the Downstream Pool 
Figure 4.14 shows a velocity profile taken about 1.5 ft downstream of the drop 
structure, close to the left edge of the channel. This position is in the middle of the left 
side eddy in the downstream pool. The longitudinal velocity, as seen in the figure, is in 
the upstream direction. The magnitude of the upstream velocity in prototype scale is 
about 0.8-fils. This velocity should be safe for boaters trying to recover their boats after 
the rapid, or drop structure. The velocity profile in the transverse or y-direction in Figure 
4.14 is typical of the transverse velocity profiles found downstream of the drop structure. 
There is no known reason for the unusual shape of the transverse velocity profile. One 
explanation could be that the side to side oscillations are slow enough that the velocity at 
0.22 ft. could have been measured at a different part of the oscillation that the velocity at 
0.36 ft. Then, the two points could have quite different mean values. The vertical 
velocity, as expected, was nearly zero. 
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Figure 4.14 -Velocity Profile at the Left Edge of Station 35.188 
4.5 Comparison of the Physical and Numerical Models 
4.5.1 Flow-3D Prediction of Water Surface 
The first runfor comparison corresponded to a wave with very small undulations. 
In the physical model, the upstream and downstream water elevations were measured and 
the reading in the manometer was taken. The water levels at the centerline of the flow 
were measured. The obtained discharge was equivalent in prototype to 1 72.1 6 cfs. 
This condition was reproduced in Flow-3D and two runs were made with different 
meshes and a long domain of 40 ft in the downstream part. In the vertical direction, the 
domain was reduced up to 8.5 ft in order to take more advantage of the mesh. The first 
one, indicated as Run 1, had a mesh of 155 cells in the stream-wise direction, 50 in the 
transverse direction and 50 in the vertical was adopted, giving a total of 387,500 nodes. 
No specification of the mesh distribution was done. Run 2 had a mesh with the same 
amount of cells as Run 1, but they were distributed in a different way: 90 cells were 
located between -9 and 9 ft in the longitudinal direction and 30 cells were located over 
4.7 ft in the vertical. Despite the changes in cell sizes, the maximum aspect ratios related 
to this distribution were slightly bigger than 1. 
Prior to the comparison of results, it could be expected that the numerical model 
would give good agreement in the first part of the drop, where the flow is convergent. 
The goal was to obtain good agreement in the downstream part, where the flow is 
divergent and a hydraulic jump takes place. Figure 4.15 presents the comparison 
between the numerical results and the measurements for a plane, along the centerline. It 
can be seen that the prediction given for Run 1, although not totally accurate, is not too 
different fiom the measurements. For Run 2, the prediction can be considered very 
satisfactory. 
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Figure 4.15 - Comparison of free surface levels between physical and numerical 
modeling 
4.5.2 Flow3D Prediction of Wavelength for a Wave-type Hydraulic Jump 
In the second case, a more pronounced wave-jump was used for comparison of 
certain features of the flow. The flow presents a series of waves that reduce their wave 
height and, at the same time, reduce their crest length towards downstream. Again, the 
upstream and downstream water elevations were measured and the manometer reading 
was taken. The positions of the crest and the trough of some of the waves were measured 
and compared between the numerical and the physical model. Table 4.1 shows the 
comparison between the longitudinal position of the waves. The comparison shows very 
satisfactory agreement. 
Table 4.1 -Comparison of the Longitudinal Position of Waves between the 
Phvsical and Numerical Models 
Y 
Position Physical model Numerical Relative error 
First crest 
(fi)
7.87 
model(ft) 
7.21 
(%I
8.38 
First trough 13.16 12.39 5.85 
Second trough 25.77 25.17 2.33 
5. Physical Model of Two Drop Structures 
5.1 Model Setup 
Since a canoe chute is a series of rapids, or drop structures, separated by pools, 
the length of the pools is important to consider. The closer two drop structures are to 
each other, that is, the shorter the length of the pool, the more influence the two structures 
will have on each other. It would be very time consuming to consider various pool 
lengths, so the shortest reasonable pool length was tested. From the literature review and 
field trips, around 4043 prototype scale is about the shortest that a pool in a canoe chute 
should be. Figure 5.1 shows the setup and dimensions of the prototype of two drop 
structures. 
Top View 
Side View f rom Centerline 
Figure 5.1 -Prototype Scale Drawing of Two Drop Structures in Series 
Thus, for the 1:7 scale Froude model in the lab, the pool length between the two drop 
structures was 6 ft, or 4 2 4  prototype. The two drop structures tested in series were both 
tested individually. The results fiom the tests of these structures are present in Chapter 4. 
The upstream structure in the two structure series has a step height, h, of 0.86 ft. in 
model scale. The step height, Ld,of the downstream structure is 0.67 ft. in model scale. 
5.2 Depth Measurements 
Depth measurements were taken in the model of the two structures to see how 
much the flow behavior changed due to the interaction of the structures. For each set of 
experiments, a flow was set, the manometer was read and the displacement of the blue 
manometer fluid was recorded. Then, the tailwater was set, and depth measurements 
were taken at several locations along the centerline of the flume. The tailwater was 
changed then, and again depth measurements were made at several locations. Tailwater 
depths continued to be increased until the hydraulic jump behavior at the upstream drop 
structure became an A-Jump. Depths were measured downstream of the downstream 
structure, at the shortest depth over the downstream structure, at two different locations in 
the pool between the two structures, at the shortest depth over the upstream structure, and 
upstream of the upstream structure. Tne two locations in the pool between the structures 
were varied in order to get a reasonable average depth for the pool when it was wavy. As 
before, the longitudinal locations were read £?om the tape measure that was attached to 
the side of the flume. The depth data for both structures are in Tables A.4 and k5 in the 
Appendix. 
5.2.1 Determination of the Discharge Coefficient for Both Drop Structures . . 
The discharge coefficient, CD,is one of the characteristics of a drop structure that 
could be altered by the spacing of the two structures. It was not expected that the 
discharge coefficient would change much for either of the structures, but it is important to 
check if there are any changes. 
Figure 5.2 is a graph of QdiJ(bPhS)vs. H/hsfor the downstream drop structure. 
From the graph it is evident that when the structure is not submerged it does not behave 
according to Equation 4.3. On the other hand, when the structure is submerged, that is, 
when b/hsis greater than about 1.3, then the structure does behave according to Equation 
4.3. In the submerged case then, the discharge coefficient is CD= 0.60, which is about 
the same as Co for an individual structure. For the unsubmerged case, more experiments 
with more drop structures are necessary in order to predict the discharge relationship for 
downstream structures that are not submerged. 
Figure 5.2 - Determination of CDfor the Downstream Drop Structure 
A graph of QdJ(b/hs) vs. Wh, for the upstream structure is shown in Figure 5.3. 
From the graph, the value of CDfor the upstream stmcture is 0.54, which is slightly less 
than CDfor the individual structures. To verlfy that the discharge coefficient of the 
upstream structure is different than CDfor the individual structures, the data points &om 
Figure 5.3 were plotted with the data fkom the individual structures. Figure 5.4 shows 
that the data points from the upstream structure fall on the data points for the individual 
structures. Thus, Co for the upstream structure is considered to be 0.59. 
Figure 5.3 -Determination of Co for the Upstream Drop Structure 
/ upper step 
Figure 5.4 -Upstream Drop Structure Discharge Coefficient Data Plotted with 
Figure 4.2 Data for Determining CD 
5.2.2 Prediction of Hydraulic Jump Behavior Using Modified Momentum Equations 
The Froude number was calculated at the smallest depth over each drop. This 
experimental Froude number, Fr,, = ,/l(gbh:,was then compared to Equations 4.8 
and 4.12. Equation 4.8 was Hsu' s momentum equation for A-Jumps at abrupt drops 
modified to account for a rapid horizontal expansion in channel width. Equation 4.12 
was Hager's momentum equation for B-Jumps at abrupt drops modified to account for a 
rapid expansion in channel width. Hsu's equation for B-Jumps is left out of this analysis 
since it proved to be unsuccessful for individual structures. As previously mentioned in 
Chapter 4, Hsuls and Hagerls modified momentum equations for A- and B-Jumps are 
used as boundaries. For example, a Fr,,, larger than FrA-Hsu-mod f? m Equation 4.8, but 
smaller than FrB-Hager-mod fk m Equation 4.12, indicates that the jump behavior is a wave. 
Figure 5.5 is a graph showing how well Equation 4.8 distinguishes between A- 
Jumps and waves. As seen from the graph, the equation does well in predicting A-Jumps 
for the downstream structure and waves for the upstream structure. The equation does 
not do well at predicting A-Jumps for the upstream structure. Actually, most of the A-
Jumps predicted to be waves in the upstream structure are from one flow. This particular 
flow, which is quite high, probably experienced a small surge that caused the jump 
behavior to change fiom a wave to an A-Jump. A-Jumps are typically more stable, so 
even if the flow decreased slightly, the flow behavior was stuck on an A-Jump. There 
were some waves on the downstream structure that were predicted to be A-Jumps. This 
is probably because it was very difficult to measure the smallest depth over the structure. 
The flow depth oscillated quite a bit, which made accuracy difficult. 
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Figure 5.5 - Ability of Equation 4.8 to Predict A-Jumps and Waves at 
Both Drop Structures 
Figure 5.6 shows the success of Equation 4.12 in separating waves and B-Jumps. 
All of the waves for both structures were accurately predicted by the equation. The B-
Jumps at the downstream drop were accurately predicted as well. There were no flow 
conditions that produced B-Jumps at the upstream drop structure. 
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Figure 5.6 - Ability of Equation 4.12 to Predict Waves and B-Jumps at 

Both Drop Structures 

5.2.3 Empirical Prediction of Hydraulic Jump Behavior 
Since the modified momentum equations for A-Jumps and B-Jumps were only 
somewhat successful, the main focus for hydraulic jump prediction should be on the 
empirical method. The empirical method for predicting hydraulic jump behavior is the 
most important prediction method since it is the most practical. It is essential that the 
empirical relationships remain the same for all of the structures, regardless of the 
influence of other structures in the series. The empirical relationship reported in Section 
4.3.3 was compared with the data fiom the upstream and downstream drop structures in 
series. Figure 5.7 shows how the new data fiom both drop structures fits the empirical 
relationship. 
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Figure 5.7 - Empirical Method for Predicting Jump Behavior for 
Two Drop Structures in Series 
The lines in Figure 4.10 that separate A-Jumps fiom waves and waves fiom B-Jumps are 
adjusted slightly in Figure 5.7 to fit the new data. The slope of the line separating A-
Jumps and waves increased slightly. Also, the y-intercept of the line separating B-Jumps 
and waves increased, but the slope decreased a small amount. These adjustments are 
very minor and indicate that the data fiom the two drop structures in series fit the data 
fiom the individual structures. Thus, the empirical method developed for jump behavior 
prediction in Chapter 4 remains valid for design purposes. A new difficulty in design has 
arisen, however, since the discharge relationship for the downstream structure is different 
than the upstream structure and the individual structures. 
6. Physical Model of Three Drop Structures 
In order to determine if the unsubmerged discharged relationship of the 
downstream structure in the series of two drop structures can be predicted, a series of 
three drop structures was tested. The series of three drop structures also provides fixther 
data to show if the modified momentum equations for A-Jumps and B-Jumps work for 
closely spaced structures in series. Also, the series of three structures adds more data for 
determining the empirical relationships for predicting hydraulic jump type for design 
purposes. 
6.1 Model Setup 
The physical model of the series of three drop structures was a one to seven scale 
Froude model. As in the model of two drop structures in series, the pool lengths between 
drop structures in the series of three were 6-ft model scale, or 4 2 4  prototype. The 
middle and low drop structures in the three structure series were the structures fiom the 
tests of two drop structures in series. The high, or upstream-most, drop structure of the 
series of three was the same as the tallest of the individually tested structures in Chapter 
4. It had a step height, h, = 1.05 ft model scale. One minor alteration to the individually 
tested structure was that the height of the side blocks was increased fkom 1.71-ft to 2-ft in 
the model. Ths  change was made to insure that none of the flows overtopped the side 
blocks and changed the flow patterns. Figure 6.1 shows the setup and dimensions of the 
prototype of the three drop structures. 
Top View 
Side View from Center l ine  
Figure 6.1 -Prototype Scale Drawing of Three Drop Structures in Series 
6.2 Depth Measurements 
Depth measurements were taken in the model of the three structures to determine 
further how much the flow behavior changed due to the interaction of the structures. For 
each set of experiments, a flow was set, the manometer was read, and the displacement of 
the blue manometer fluid was recorded. Then the tailwater depth was set, and depth 
measurements were taken at several locations along the centerline of the flume. The 
tailwater was changed then, and again depth measurements were made at several 
locations. Tailwater depths continued to be increased until the hydraulic jump at the high 
drop structure became an A-Jump. Depths were measured downstream of the low 
structure, at the shortest depth over the low structure, at two locations in the pool between 
the low and middle structures, at the shortest depth over the middle structure, at two 
locations in the pool between the middle and high drop structures, at the shortest depth 
over the high structure, and upstream of the high structure. The two locations in the 
pools between the structures were varied in order to get a reasonable average depth for 
the pool when it was wavy. Depth data fiom all three drop structures in the series of 
three can be found in the Appendix in Tables A.6, A.7, and A.8. As before, longitudinal 
locations were read fiom the tape measure that was attached to the side of the flume. 
6.2.1 Determination of the Discharge Relationships for the Three Drop Structures 
For two drop structures in series, the discharge relationship for the upstream 
structure was the same as it was for the individually tested structures. The downstream 
structure, when submerged, also followed the discharge relationship of the individually 
tested drop structures. Unsubmerged, the downstream structure did not follow the 
discharge relationship of the other structures. 
A canoe chute is rarely a series of only two drop structures. Usually, it is a series 
of four or more drop structures. Because the downstream structure in the series of two 
had a different discharge relationship, it was impossible to know what the discharge 
relationships of the other structures in a series might be. Thus, three structures in a series 
had to be tested to determine what the discharge relationships were for the low and 
middle structures. If the unsubmerged discharge relationships of the low and middle 
structures match up with the unsubmerged discharge relationship fiom the downstream 
structure in the series of two, then the discharge relationship of downstream structures 
can be predicted. 
Figure 6.2 is a plot of the discharge relationship, Qdim/(b/hs)vs. H&, for the low 
structure. From the graph, it is obvious that when the low structure is unsubmerged it 
does not follow the discharge relationship of the individual structures. It seems fiom the 
graph that the unsubmerged discharge relationship does not match the unsubmerged 
discharge relationship of the downstream structure of the series of two drop structures. It 
should also be noted that some of the submerged data points, such as when hdlh, >1.6, 
if plotted on Figure 4.2, would not match up with the discharge relationship of the 
individual structures. The reason why the data would not match is that it is &om tests 
where the low step was more submerged than a structure had been in any of the previous 
tests. 
Figure 6.2 -Discharge Relationship for the Low Drop Structure 
Figure 6.3 is a plot of the discharge relationship for the middle structure in the 
series of three structures. This structure, when unsubmerged does not follow the 
discharge relationship of the individual structures. It also does not appear to follow the 
unsubmerged discharge relationships of either the low structure in the series of three or 
the downstream structure in the two structure series. It is not clear fTom the graph ifthe 
discharge relationship of the submerged middle structure follows the discharge 
relationship of the individual structures. From the power law fit of the data, it appears 
that the discharge coefficient, CD,of the submerged middle structure is 0.48, which is 
lower than that of the individual structures. 
0.180 
Figure 6.3 -Discharge Relationship for the Middle Drop Structure 
Figure 6.4 is a graph of the unsubmerged discharge relationships for the 
downstream drop structure in the two structure series, and the low and middle drop 
structures in the three structure series. First, the term "unsubmerged" had to be 
quantified. It had to mean the same thing for all of the structures considered. Overall, 
"unsubmerged" was determined to be h, lh, 51.2 for all structures. From Figure 6.4, it 
seems that the data points fiom the different steps collapse together quite well. The R~ 
value ofthe power law fit through all the data points is 0.9183. Therefore, the discharge 
relationship of the middle and low steps of the three drop structure series, and the 
downstream step of the series of two structures can be predicted. It can now be said that 
downstream structures, when unsubmerged, follow Equation 6.1: 
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Figure 6.4 - Discharge Relationship for Unsubmerged 

Downstream Drop Structures 

The discharge relationship for the high drop structure in the series of three is 
shown in Figure 6.5. From the plot, CD=0.52 for the high drop. This value of CDis less 
than Co for the individual drop structures. However, there are not enough data points for 
the high structure to know if CD= 0.52 is accurate. Thus, in Figure 6.6, the data points 
fiom Figure 6.5 are plotted with the data points fiom Figure 4.2 to see if the high 
structure in the series of three has the same value of CDas the individual structures. 
Additionally, the submerged data fkom the middle structure is plotted in Figure 6.6. Data 
fkom the low structure for which hd/h, is between 1.2 and 1.6 is also plotted in Figure 6.6. 
The data fiom the high structure follows the data fkom the individual structures very 
closely. The submerged data f?om the middle and low structures follow the submerged 
data fkom the individual structures quite closely as well. For the low structure, there is 
one outlier. In any case, it is reasonable to assume for the high structure and the middle 
and low submerged structures that the discharge relationships follow Equation 4.3, and 
that CD= 0.59. 
Figure 6.5 -Discharge Relationship for the High Drop Structure 
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Figure 6.6 - Discharge Relationships of the High Structure and 
Submerged Middle and Low Structures 
6.2.2 Prediction of Hydraulic Jump Behavior Using Modified Momentum Equations 
The Froude number was calculated at the smallest depth over each drop. This 
experimental Froude number, Fr,, = d m ) ,was then compared to Equations 4.8 
and 4.12. Equation 4.8 was Hsu' s momentum equation for A-Jumps at abrupt drops 
modified to account for a rapid horizontal expansion in channel width. Equation 4.12 
was Hager's momentum equation for B-Jumps at abrupt drops modified to account for a 
rapid expansion in channel width. Hsu's equation for B-Jumps is left out of this analysis 
since it proved to be unsuccessful for individual structures. As previously mentioned in 
Chapter 4, Hsu's and Hager's modified momentum equations for A- and B-Jumps are 
used as boundaries. For example, a Fr,,, larger than F I ~ - ~ ~ - ~ ~ ~  from Equation 4.8, but 
smaller than FrB-Hager-rnod from Equation 4.1 2, indicates that the jump behavior is a wave. 
Figure 6.7 is a graph showing how well Equation 4.8 distinguishes between A-
Jumps and waves. As seen from the graph, the equation does well at separating A-Jumps 
fkom waves at all three drop structures. There are three waves at the middle structure that 
are calculated to be A-Jumps. They are, however, extremely close to the line dividing A-
Jumps fiom waves. The mistakes were probably measurement errors since it was very 
difficult to measure the smallest depth over the structure. The flow depth oscillated quite 
a bit, which made accuracy difficult. It is also important to note from the graph that there 
were few A- Jumps at the high drop structure. There were a number of A- Jumps observed 
at the high structure, but most of time supercritical flow was never attained over the 
structure. A data point was discarded if there was no supercritical flow. The reason that 
it is important to note that there are few A-Jumps for the high drop structure is that there 
were some errors in using Equation 4.8 to predict A-Jumps at the upstream structure in 
the two structure series. More A-Jumps at the upstream structure would indicate whether 
or not Equation 4.8 is inaccurate for the upstream structures in a series. 
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Figure 6.7 -Ability of Equation 4.8 to Predict A-Jumps and Waves 
at AU Three Drop Structures 
Figure 6.8 shows the success of Equation 4.12 in separating waves and B-Jumps. 
All of the waves for all three structures were accurately predicted by the equation. The 
B-Jumps at the low drop were accurately predicted as well. There were no flow 
conditions that produced B-Jumps at the middle and high drop structures. 
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Figure 6.8 -Ability of Equation 4.12 to Predict Waves and B-Jumps 
at All Three Drop Structures 
6.2.3 Empirical Prediction of Hydraulic Jump Behavior 
Although the modified momentum equations are successfill at predicting 
hydraulic jump behavior for drop structures in a series, they are still impractical for 
design As mentioned before, empirical equations for predicting A-Jumps, waves, and B-
Jumps that use parameters that are either known from boundary conditions and can be 
easily measured are most practical from a design standpoint. The empirical relationships 
developed in Section 4.3.3 for design need to be checked for the series of three drop 
structures. Figure 6.9 shows the how the new data from the series of three drop structures 
fits the empirical relationships. The lines separating A-Jumps fkom waves and waves 
fiom B-Jumps have been adjusted slightly in the figure to fit the new data. The slope of 
the line separating A-Jumps from waves increased slightly again. The y-intercept of the 
line separating waves fiom B-Jumps also increased. These adjustments are minor and 
indicate that the data from the series of three drop structures fit the data from the 
individual structures and the series of two drop structures. The empirical method 
developed fiom jump behavior prediction in Chapter 4 remains valid for design purposes. 
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Figure 6.9 -Empirical Method for Predicting Jump Behavior for 
All Three Drop Structures in Series 
7. Design Procedure and Application 
7.1 Tools for Design 
For design at a specific site, there are many parameters that must be known in 
addition to the information developed fiom the physical model of the canoe chute. It is 
necessary to know the relationship between the water surface elevation of the upstream 
pool of the dam and the flow over the dam It is also necessary to have the relationship 
between the water surface elevation of the downstream pool of the dam and the flow over 
the dam. For this report, the site in mind for the canoe chute is on the Fox River at 
Batavia, Illinois. Figure 7.1 is the relationship between the upstream pool water surface 
elevation and the flow in the river. The relationship between the downstream pool water 
surface elevation and the flow in the river is in Figure 7.2. The data in these figures is 
fiom the physical model of the Batavia dam. For the water surface elevations of the 
downstream pool to be usehl in design, it is important to know or decide what the 
downstream pool bottom elevation is. 
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Figure 7.1 -Upstream Pool Water Surface Elevation Versus Flow 
Flow (cfs) 
Figure 7.2 -Downstream Pool Water Surface Elevation Versus Flow 
The flows in Figures 7.1 and 7.2 are for the entire width of the river. The 
proposed design for the dam at Batavia is a two-sided spillway with a crest elevation of 
665.5 ft and a toe elevation of 657 ft. The crest length is divided such that the left leg of 
the dam is 287 ft and the right leg of the dam is 297 fi. The two sides are oriented in such 
a way that the left leg receives sixty-percent of the flow, while the right leg receives only 
forty-percent. It has been discussed with the Illinois Department of Natural Resources 
that a possible canoe chute at Batavia would be located on the right leg of the two-sided 
spillway. The opening of the canoe chute would probably be about 40-fi wide. Then, the 
canoe chute would be approximately 13.5 percent of the crest length of the right leg of 
the dam. It is then figured that the canoe chute receives 13.5 percent of the flow to the 
right leg of the dam, which in turn receives 40 percent of the flow in the river. Thus, the 
canoe chute gets about 5.4 percent of the flow in the river. 
When selecting the range of flows for canoe chute design, it is important to know 
how much flow the river experiences. Also, it is important to know the frequency at 
which flows of certain magnitude occur. The flow duration curve in Figure 7.3 provides 
this information for the Fox River at Batavia. 
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Figure 7.3 -Flow Duration Curve for the Fox River at Batavia, IL 
It is important to organize the information fkom the canoe chute model, such as 
the discharge relationships for drop structures and the empirical method for predicting 
hydraulic jump behavior, so that it can be easily used and understood. The discharge 
relationships are presented here in equation form. For individual structures and the 
upstream-most structure in a series, the discharge relationship is approximately Equation 
Actually, Equation 7.1 is probably valid only when h, /hs 11.4, which is the typical 
case. It is very rare that a drop structure would be more submerged than h, lh, 5 1.4. 
The discharge relationships of downstream structures, which are any structures in a series 
that are not the upstream-most structure, also follow Equation 7.1 when they are 
submerged, that is when 1.2 < hd /hs <1.4. 
When downstream structures are unsubmerged, that is, when hd /hs <1.2, their 
discharge relationships do not follow Equation 7.1. Instead, the discharge relationship of 
unsubmerged downstream structures is approximately Equation 7.2. 
The empirical method for predicting hydraulic jump behavior in the canoe chute 
is presented in both graphical and equation form. The relationships for distinguishing 
between different types of jumps are in their finalized forrn using the data fkom all of the 
structures. Figure 7.4 shows the empirical relationships for prediction of jump behavior. 
Equation 7.3 separates A-Jumps fkom waves. 
Equation 7.4 is the dividing line between waves and B-Jump s. 
Figure 7.4 - Empirical Prediction of Hydraulic Jump Behavior for 

All Drop Structures 

7.2 Design Procedure 
A basic flow chart of the design procedure is in Figure 7.5. 
Choose Qlow and Qhiph for the canoe chute. 
Find hd 1 0 and hd ~ & o ,N=O for the ~ 
downstream most structure 
YES 
iIf hd 1owN <min hd 1owN and hd hi-W > Illax hd high N, then flow range is too wide 
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Stop adding drop structures a 
V 
Design is complete 
Choose a step height, hsN, 

Then h,=hsN- 1.3 

Calculate Qdimlow~ and Q d i m h i g ~  
Calculate minimum hd 1owN 
and hd higmusing Eq. 7.4. 
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Figure 7.5 -Flow Chart of the Design Procedure for a Canoe Chute 
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The design procedure is explained in detail in numbered steps. It is as follows: 
1. 	Choose a range of design flows. Use Figure 7.3 to know what an appropriate range 
would be. Find the corresponding tailwater depths, hd, for the lowest and highest 
flows in the design range using Figure 7.2 and the elevation of the bottom of the 
downstream pool. 
2. 	 Choose a step height, hs, for the structure. Then the downstream height ofthe step is 
h,= h, -1.3. 
3. 	 Calculate Q , ,  = -' for both the low and high flows. 
Jghi 

4. 	 Using, hd, h,, b,Qdim,and Equations 7.3 and 7.4 to determine the wave range for the 
downstream depth hd, for both flows. 
a. 	 If hd is in the wave range for both flows go on to Step 5. 
b. 	 If hd for the low flow is below the minimum hd for a wave, and hd for the high 
flow is above the maximum for a wave, then the flow range is too wide. Go 
back to Step 1. 
c. 	 If hd for either of the flows is not in the wave range, but the situation is not like 
Step 4b. then go back to Step 2 and pick a new h, for the current structure. 
5.  	 Calculate (hJh,l for both flows to determine which discharge relationship to use. If 
the structure is submerged or is the upstream-most structure, use Equation 7.1. If the 
structure is a do~nstrearnstructure that is unsubmerged, then use Equation 7.2. 
Calculate H £?om Equation 7.1 or Equation 7.2 for both flows. Then, calculate the 
downstream depth, hd, for the next structure upstream for both flows. hd = hs + H. 
Then go back to Step 2, and pick h, for the next structure upstream. 
Stop adding structures when the step height is around the height of the dam crest. 
Check to make sure the water level upstream of the upstream-most structure is about the 
same as the upstream pool elevation of the dam for the flows considered. The water 
surface elevation of the upstream pool of the dam can be determined f?om Figure 7.1. 
The upstream water surface elevation in the canoe chute is figured in the following way. 
The upstream head, H, is calculated fiom Equation 7.1. The upstream depth, b,is the 
upstream head, H, plus the step height, hs, of the upstream most drop structure. The 
upstream water surface elevation is then the upstream depth, b,plus the bottom elevation 
of the downstream pool of the dam. The following application for the dam at Batavia 
illustrates how the design procedure works. 
7.3 Application of Design Procedure 
The following is not a proposed design for the canoe chute at Batavia. It is only 
an example of how to apply the design procedure outlined in the previous section. After 
some consideration, an initial range of river flows proposed for the canoe chute is 
between 975 and 2500 cfs. From Figure 7.3 and, it is evident that the canoe chute will 
work properly 30 percent of the time if this flow range is used. The range of flows in the 
canoe chute is actually 52.5 to 134.7 cfs. The corresponding downstream pool elevations 
are 658 ft. above sea level and 659.54 ft. above sea level respectively. The downstream 
pool bottom should be excavated so that its elevation is 654 ft. Following the steps 
outlined in Section 7.2: 
1. QI= 52.5 cfs, Qh= 134.7 cfs, b,= 4 ft, and hdho= 5.54 ft 
2. Choose h,, = 5.15 ft, thus = 3.85 fi 
3. Qdimlo= 0.166, Qdlmha = 0.425 
4. Using Equations 7.3 and 7.4, the wave range for both steps is: 
3.96 < bo< 5.22, 4.23 <hdho< 5.54. Both flows are in the wave range, but it is 
evident, from the fact that the hd values for both flows are very close to the safe limits, 
that a wider range of flows is not possible. 
5. (hd/hs)lo= 0.78, (hd/h~)~,  1.08. The structure is unsubmerged in both cases, so use = 
Equation 7.2 for both flows. From Equation 7.2: HI, = 0.52 ft., Hho = 1.18 fl. Then, 
hl= 5.67 ft, hdhl = 6.33 fi. Back to Step 2 to choose hsl for the next structure. 
2. hsl =6.8ft,thenh,=5.5fi. 
3. Qdimll= 0.077, Qdimhl=0.197 
4. Using Equations 7.3 and 7.4, the wave range for both steps is: 
5.54 < hdll< 7.18, 5.71 <bl< 7.8. Both flows are in the wave range. A lower step 
height could have been chosen, but it is interesting to see how few steps are really 
needed. 
5. (b/hs)ll= 0.83, (hd/hs)hl = 0.93. The structure is unsubmerged in both cases, so use 
Equation 7.2 for both flows. From Equation 7.2: Hu = 0.48 ft, Hhl= 1.09 ft. Then, 
hdlZ= 7.28 fi,hdh?= 7.89 ft. Back to Step 2 to choose hg for the next structure. 
2. hG = 8.5 A, then & = 7.2 ft. 
3. QdlmlZ= 0.044, QdimhZ=0.113 
4. Using Equations 7.3 and 7.4, the wave range for both steps is: 
7.19 < bz< 9.22, 7.31 < < 9.37. Both flows are in the wave range. 
5. (b/hs)12= 0.86, (hd/hs)h2 = 0.93. The structure is unsubmerged in both cases, so use 
Equation 7.2 for both flows. From Equation 7.2: Hlz = 0.45 ft, HM= 1.02 ft. Then, 
h3= 8.95 ft, bh3= 9.52 ft. Back to Step 2 to choose hs3 for the next structure. 
2. hs3= 10 R, thenh  = 8.7 R. 
3. Qdim13= 0.029, Qdid = 0.075 
4. Using Equations 7.3 and 7.4, the wave range for both steps is: 
8.65 <b3< 11.04, 8.75 < hdh3 < 11.16. Both flows are in the wave range. 
5. (hd/hJ13= 0.90, ( h & ~ ~ ) ~  0.95. The structure is unsubmerged in both cases, so use = 
Equation 7.2 for both flows. From Equation 7.2: Ho = 0.42 ft, Hh3= 0.97 ft. Then, 
hdI4= 10.42 ft, hdh4= 10.97R. Back to Step 2 to choose hd for the next structure. 
2. h=11 -5 R, which is the same elevation as the crest of the dam. h,= 10.2 ft. 
3. QdimM= 0.021, Qdlmb4 = 0.053 
4. Using Equations 7.3 and 7.4, the wave range for both steps is: 
10.13 < b4< 12.87, 10.20 < h4< 12.96. Both flows are in the wave range. 
5. (hd/hs)]4= 0.91, (hd/hs)h4 = 0.95. The structure is unsubmerged in both cases, but it is 
the upstream structure, so use Equation 7.1 for both flows. From Equation 7.1 : 
HI4= 0.86 ft,HM= 1.59 ft. Then, hl4= 12.36 ft, bh4= 13.09 ft. Thus, the upstream 
water surface elevations for the canoe chute are 666.36 R for the low flow and 667.09 
ft. for the high flow. These upstream water surface elevations correspond very closely 
to the water surface elevations in the upstream pool of the dam for these flows. The 
upstream water surface elevation for the dam at the low flow is 666.54 ft. For the high 
flow, the upstream water surface elevation for the dam is 666.94 ft. It is clear then that 
the canoe chute should have little or no impact on the upstream water surface elevation 
of the dam. Another conclusion to note is that for this range of flows, five drop 
structures are needed. These drop structures are spaced 4 2 4  apart, in order for 
Equations 7.1 and 7.2 to be valid. 
8. Conclusions and Recommendations 
8.1 Conclusions 
The initial focus of the research was to understand more fblly the three- 
dimensional flow present in canoe chutes. Once the flow is properly understood, then the 
three-dimensional momentum equations for A-Jumps and B-Jumps in the canoe chute 
can be simplified to one-dimensional momentum equations. Modifications to the one- 
dimensional form of the momentum equation were made to account for the simultaneous 
abrupt drop in channel bottom and rapid expansion in channel width. The modified 
forms of Hsu's momentum equation for A-Jumps and Hager's momentum equation for B-
Jumps are successful as boundary defming equations. The modified form of Hsu's A- 
Jump equation divides A-Jumps from waves very well. It works not only for individual 
structures, but also for any structure in a series. The modified form of Hager's B-Jump 
equation also works very well at separating B-Jumps fkom waves. It works in all 
situations as well. These modified momentum equations are difficult to use in design. 
The parameter hz is needed, but is unknown fi-om boundary conditions or discharge 
relationships. It is also very challenging to measure in some cases. 
The main guideline for canoe chute design is safety. From the literature review, it 
was known that wave-type hydraulic jumps are the safest kind of flow to have in a canoe 
chute. The main challenge of the research was to be able to predict when a wave-type 
hydraulic jumps would occur. As mentioned in the previous paragraph, the modified 
momentum equations successfUliy predict waves, but are difficult to use. Thus, an 
empirical met hod for predicting hydraulic jump types was developed. The empirical 
equations used for prediction used parameters that were known fiom boundary conditions 
or discharge relationships. Parameters used in the empirical equations were Q, b,and h,, 
which are all known because they were chosen values. The parameter hd was also used. 
It is known either fiom boundary conditions for the downstream-most step or is figured 
using a discharge relationship. The empirical relationships for jump type prediction are 
in Equations 7.3 and 7.4. In order to use the empirical relationships, one must know the 
depths in all of the pools in the canoe chute. These depths are found using the discharge 
relationships in Equations 7.1 and 7.2. A design procedure was developed fiom these 
four equations. It was presented and applied in Chapter 7. 
The three-dimensional numerical model, Flow-3D, accurately predicted 
laboratory flow conditions. It accurately predicted flow depths and wavelengths of wave- 
type hydraulic jumps. It is also useful because it gives velocities at all points in the flow. 
On the other hand, it takes a lot of time on a powerful computer to test a flow condition. 
Thus, trial-and-error design of Flow-3D could be very time consuming. Also, it has not 
been tested on a series of structures. Flow-3D is useful in limiting the number of options 
necessary to test in a physical model, but it is not yet recommended to replace completely 
physical models of canoe chutes. 
8.2 Recommendations 
At this time. it is still necessary to build a physical model for each canoe chute. 
There are several elements in the design that need further research. The basic geometry 
of the drop structures need further research. Perhaps different ratios of drop width to 
pool width would increase the range in which waves are formed. The length of the 
horizontal lip at the downstream end of the structure could be adjusted. This adjustment 
might also increase the range in which waves are formed. The length of the pools is 
another factor that needs more research. A longer pool length could allow for only one 
discharge relationship for all structures under all conditions. Specially designed 
structures for the downstream end of the canoe chute are often necessary. This is an 
aspect of design that still needs a lot of research. Finally, it is important to know how 
much flow the canoe chute will really experience for a given flow over the dam. For this, 
it may be necessary to model the canoe chute in the dam model. This thesis is a first 
attempt at simplifying the design of canoe chutes. It lays out a design procedure that can 
reduce the number of trials necessary to find a design that works. Further research is 
necessary in order to be able to design a canoe chute by purely analytical means. 
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Appendix 
Table A . l - Depth Data for the Structure with Step Height of 0.67 ft 
Flow (c~s) hd (ft) 
0.935 0.429 
0.5 16 
0.528 
0.684 
0.693 
0.72 
1.349 0.486 
0.509 
0.525 
0.733 
0.751 
0.746 
1.817 0.533 
0.59 
0.662 
0.758 
0,785 
0.83 
2.062 0.84 
0.819 
0.814 
0.667 
0.562 
0.522 
2.302 0.538 
0.671 
0.689 
0.749 
0.806 
0.845 
2.669 0.551 
0.63 
0.701 
0.752 
0.803 
0.859 
Hyd. Jump Type 
B-Jump 
WaveB- Jump 
Wave 
Wave 
A- Jump 
A-Jump 
B- Jump 
B-Jump 
B- JumpIWave 
Wave 
A-JumpIWave 
A-Jump 
B-Jump 
B-JumpiWave 
Wave 
Wave 
WdA- J ump  
A-Jump 
A-Jump 
A- JumpIWave 
Wave 
Wave 
B-Jump 
B-Jump 
B-Jump 
WaveB- Jump 
Wave 
Wave 
WaveIA- Jump 
A- Jump 
B-Jump 
WaveB- Jump 
Wave 
Wave 
WaveIA- Jump 
A-Jump 
Flow (cfs) hd (ft) h, (ft) H (ft) h, (ft) Hyd. Jump Type 
3.038 0.586 0.24 0.46 1.13 B-Jump 
0.61 1 0.248 0.461 1.131 B-Jump/Wave 
0.75 0.252 0.466 1.136 Wave 
0.844 0.284 0.466 1.136 WaveIA-Jump 
0.88 0.35 1 0.474 1.144 A-Jump 
Table A.2 - Depth Data for the Structure with Step Height of 0.86 ft 
Flow (cfs) hd (ft) Hyd. Jump Type 
1.171 0.658 B-Jump 
0.679 B-JumpNave 
0.698 B-Jump/Wave 
0.734 Wave 
0.784 Wave 
0.808 Wave 
0.824 Wave 
0.85 1 Wave 
0.904 Wave 
0.917 A- Jump 
0.944 A-Jump 
0.949 A-Jump 
0.965 A-Jump 
0.985 A-Jump 
1.03 Subcritical 
1.077 Subcritical 
1.380 0.671 B-Jump 
0.709 Wave/B- Jump 
0.745 Wave 
0.771 Wave 
0.79 Wave 
0.842 Wave 
0.855 Wave 
0.933 Wave 
0.948 Wave 
0.96 A-Jump 
1.027 Subcrit ical 
Table A.2 (cont.) 
Flow (cfs) h, (ft) 
1.380 1.057 
1.660 0.738 
0.746 
0.769 
Hyd. Jump Type 
Subcrit ical 
B-Jump 
B- JumpNave 
WaveB- Jump 
Wave 
Wave 
Wave 
Wave 
A-Jump N a v e  
A-Jump 
Subcritical 
B-Jump 
Wave 
Wave 
Wave 
Wave 
Wave 
Wave 
Wave 
Wave 
A-Jump 
Subcritical 
B-Jump 
B-Jump 
Wave 
Wave 
Wave 
Wave 
Wave 
Wave 
A- Jump 
A-Jump 
A-Jump 
Subcritical 
B-Jump 
B- JumpNave 
B-JumpNave 
Wave 
Wave 
Table A.2 (cont.) 
Flow (cfs) h, (ft) Hyd. Jump Type 
Wave 

Wave 

WaveIA- Jump 

WaveIA- Jump 

A-Jump 

A-Jump 

Subcrit ical 

B-Jump 

B-JumplWave 

Wave 

Wave 

Wave 

Wave 

Wave 

A- JumplWave 

A-Jump 

A- Jump 

B-Jump 

WaveIB- Jump 

WaveB- Jump 

Wave 

Wave 

A-Jump 

A-Jump 

Subcritical 

Subcritical 

Table A.3 - Depth Data for the Structure with Step Height of 1.05 ft 
Flow (cfs) h, (ft) h2(ft) H(ft) h,(ft) Hyd. Jump Type 
0.890 0.822 0.072 0.200 1.250 B-Jump 
0.86 1 0.070 0.200 1.250 B-JumplWave 
0.905 0.073 0.200 1.250 Wave 
1.060 0.083 0.200 1.250 Wave 
1.066 0.083 0.200 1.250 A-JumpIWave 
1.090 0.083 0.200 d I .LSU A-Jump 
Table A.3 (cont.) 
Flow (cfs) h, (ft) Hyd. Jump Type 
B- Jump 

B- JumpWave 

Wave 

Wave 

WaveIA- Jump 

A-Jump 

B-Jump 

B- JumpNave 

Wave 

Wave 

WaveIA- Jump 

A- Jump 

B- Jump 

B-Jump 

Wave 

Wave 

WaveIA- Jump 

A-Jump 

B-Jump 

B-Jump/Wave 

Wave 

Wave 

A-Jumplwave 

A-Jump 

B-Jump 

B-JumpWave 

Wave 

Wave 

A-JumpiWave 

A-Jump 

B-Jump 

B-Jump 

Wave 

Wave 

Wavelk-Jump 

A-Jump 

Table A.4 - Depth Measurements for the Downstream Structure in a Series 
of Two with a Step Height of 0.67 ft 
DIS h, 1 DIS h, 2 Avg D/S h, Hyd. Jump Type 
0.850 0.884 0.867 B-Jump 
0.821 0.870 0.846 B- JumpNave 
0.839 0.845 0.842 Wave 
0.824 0.88 1 0.853 A- JumpNave 
0.829 0.867 0.848 A-Jump 
0.917 0.922 0.920 Subcritical 
0.93 1 0.841 0.886 B-Jump 
0.921 0.833 0.877 B-JumpNave 
0.920 0.840 0.880 A-JumpNave 
0.929 0.842 0.886 Wave 
0.925 0.839 0.882 A-Jump 
0.878 0.987 0.933 Subcritical 
0.969 0.965 0.967 Subcritical 
0.989 0.994 0.992 Subcrit ical 
0.957 0.858 0.908 Subcritical 
0.968 0.967 8.958 A-Jump 
0.95 1 0.952 0.952 Wave 
0.973 0.953 0.963 A- JumpNave 
0.966 0.95 1 0.959 B-JumplWave 
0.996 0.957 0.977 B-Jump 
0.980 0.907 0.944 B-Jump 
0.986 0.937 0.962 B- Jump/ Wave 
0.985 0.917 0.95 1 Wave 
1.015 0.913 0.964 A- JumpNave 
1.016 0.931 0.974 A-Jump 
0.995 0.997 0.996 Subcritical 
0.899 0.860 0.880 B-Jump 
0.975 0.867 0.921 B- JumplWave 
0.993 0.867 0.930 Wave 
0.976 0.860 0.91 8 A- JumpIWave 
1.050 0.894 0.972 A-Jump/Subc 
1.017 1.039 1.028 Subcritical 
0.997 0.997 0.999 B-Jump 
0.998 1.001 0.999 B- Jump/Wave 
0.997 1.OOO 0.999 Wave 
0.998 1 .OOO 0.999 A-JumplWave 
1.096 1.095 1.096 A- Jump 
1.126 1.127 1.127 Subcritical 
Table A.4 (cont.) 
Flow (cfs) DIS hd DIS h, DIS h, 1 DIS h, 2 Avg DIS h, Hyd. Jump Type 
2.624 0.585 0.197 1.043 1.045 1.044 B-Jump 
0.690 0.197 1.05 1 1 -042 1.047 B-JumpIWave 
0.815 0.210 1.059 1 -046 1.053 A-JurnplWave 
0.869 0.235 1.061 1.074 1.068 A-Jump 
0.964 0.375 1.107 1.086 1.097 A- Jumplsubc 
Table A.5 - Depth Measurements for the Upstream Structure in a Series 
of Two with a Step Height of 0.86 ft 
Flow (cfs) UIS hd 1 UIS h, 2 Avg UIS hd Hyd. Jump Type 
1.033 0.850 0.884 0.867 Wave 
0.821 0.870 0.846 Wave 
0.839 0.845 0.842 Wave 
0.824 0.881 0.853 Wave 
0.829 0.867 0.848 Wave 
0.917 0.922 0.920 A-Jump 
1.430 0.931 0.841 0.886 Wave 
0.921 0.833 0.877 Wave 
0.920 0.840 0.880 Wave 
0.929 0.842 0.886 Wave 
0.925 0.839 0.882 Wave 
0.878 0.987 0.933 Wave 
0.969 0.965 0.967 A-Jump 
1.793 0.989 0.994 0.992 A-Jump 
0.957 0.858 0.908 Wave 
0.968 0.967 0.968 Wave 
0.951 0.952 0.952 Wave 
0.973 0.953 0.963 Wave 
0.966 0.951 0.959 Wave 
0.996 0.957 0.977 Wave 
2.005 0.980 0.907 0.944 Wave 
0.986 0.937 0.962 Wave 
0.985 0.917 0.95 1 Wave 
1.015 0.913 0.964 Wave 
1.016 0.931 0.974 Wave 
0.995 0.997 0.996 
Table A.5 (cont.) 
Flow (cfs) U/S h , l  U/S hd2 AvgU/S hd Hyd. Jump Type 
2.264 0.899 0.860 0.880 Wave 
0.975 0.867 0.921 Wave 
0.993 0.867 0.930 Wave 
0.976 0.860 0.91 8 Wave 
1.050 0.894 0.972 Wave 
1.017 1.039 1.028 A-JumpNave 
2.296 0.997 0.997 0.999 A-Jump 
0.998 1.001 0.999 A- Jump 
0.997 1.000 0.999 A-Jump 
0.998 1.OOO 0.999 A-Jump 
1.096 1.095 1.096 A-Jump 
1.126 1.127 1.127 A-Jump 
2.624 1.043 1.045 1,044 A-Jump 
1.051 1 -042 1 -047 A-Jump 
1.059 1.046 1.053 A- Jump/Subc 
1.061 1.074 1.068 A-J~mp/Subc 
1.107 1.086 1.097 A- JumpISubc 
Definition of Column Headings: 
h,= depth of water in the pool downstream of the structure 
h, = smallest depth of water over the structure 
H = depth of water above the height of the structure in the upstream pool 
h, = depth of water in the upstream pool 
D/S h,= depth of water in the pool downstream of the downstream structure 
D/S h2 = smallest depth of water over the downstream structure 
D/S h, 1 = first depth measurement in the pool between the two structures 
D/S h, 2 = second depth measurement in the pool between the two structures 
Avg D/S h, = average of D/S h, 1 and D/S h, 2 
U/S h, 1 =D/S h,,1 
U/S h,2 =DIS h, 2 
Avg U/S h, =Avg D/S h, 
U/S h, = smallest depth of water over the upstream structure 
U/S h,= depth of water in pool upstream of the upstream structure 
Table A.6 -Depth Measurements for the Low Structure in a Series 
of Three with a Step Height of 0.67 ft 
Flow low hd 
0.963 0.486 

0.697 

0.761 

0.925 

1.059 

1.078 

1.274 0.524 

0.726 

0.765 

0.965 

1.071 

1.167 

1.840 0.49 1 

0.569 

0.793 

0.959 

1.193 

2.225 0.607 

0.817 

0.964 

1.051 

1.193 

1.147 0.47 1 

0.497 

0.614 

0.735 

0.767 

low h, 1 
0.875 

0.861 

0.871 

0.929 

1.056 

1.076 

0.909 

0.923 

0.914 

0.989 

1.084 

1.170 

0.972 

0.962 

0.970 

1.009 

1.211 

1 AAC 
1.wv3 

1.007 

1.033 

1.096 

1.213 

0.881 

0.880 

0.890 

0.888 

0.883 

low h, 2 Avg low h, Hyd. Jump Type 
0.866 0.87 1 B-Jump 

0.876 0.869 A-Jumplwave 

0.866 0.869 A-Jump 

0.932 0.93 1 Subcritical 

1.061 1.059 Subcrit ical 

1.079 1.078 Subcritical 

0.908 0.909 B-Jump/Wave 

0.953 0.938 Wave 

0.900 0.907 A-Jump/Wave 

0.985 0.987 Subcritical 

1.089 1.087 Subcrit ical 

1.176 1.173 Subcritical 

0.959 0.966 B-Jump 

0.977 0.970 B- JumpNave 

0.946 0.958 A- JumplWave 

0.996 1.003 Subcrit ical 

1.211 1.21 1 Subcrit ical 

1 n c l
1 . ~ ~ 1  1.028 B - J m p m ? ~  
0.990 0.999 A- Jump/Wave 

1.017 1.025 A- Jump 

1.097 1.097 Subcritical 

1.213 1.213 Subcritical 

0.880 0.881 B-Jump 

0.880 0.880 B- JumplWave 

0.888 0.889 Wave 

0.880 0.884 A- Jump/Wave 

0.855 0.869 A-Jump 

Table A.7 -Depth Measurements for the Middle Structure in a Series 
of Three with a Step Height of 0.86 ft 
Flow (cfs) mid h, 1 mid 2 Avg mid h, mid h2 mid h, 1 mid h, 2 Avg mid h, Hyd. Jump Type 
0.963 0.875 0.866 0.871 0.084 0.985 1.013 0.999 Wave 
0.861 0.876 0.869 0.087 1.040 0.979 1.010 Wave 
0.871 0.866 0.869 0.086 0.986 1.036 1.01 1 Wave 
0.929 0.932 0.931 0.121 1.030 0.978 1.004 A-Jump 
1.056 1.06 1 1.059 0.221 1.097 1.070 1.084 Subcritical 
1.076 1.079 1.078 0.396 1.082 1.103 1.093 Subcritical 
1.274 0.909 0.908 0.909 0.135 1.066 1.002 1.034 Wave 
0 -923 0.953 0.938 0.129 1.0 15 1.128 1.072 Wave 
0.914 0.900 0.907 0.130 1.047 1.123 1.085 Wave 
0.989 0.985 0.987 0.178 0.993 1.105 1.049 A-Jump 
1.084 1.089 1.087 0.240 1.132 1.140 1.136 Subcritical 
1.170 1.176 1.173 0.492 1.175 1.192 1.184 Subcritical 
1.840 0.972 0.959 0.966 0.165 1.161 1.029 1.095 Wave 
0.962 0.977 0.970 0.184 1.013 1.168 1.091 Wave 
0.970 0.946 0.958 0.163 1.006 1.175 1.09 1 Wave 
1.009 0.996 1.003 0.184 1.131 1.035 1.083 A- Jump 
1.211 1.21 1 1.21 1 0.488 1.229 1.229 1.229 Subcritical 
2.225 1.005 1.05 1 1.028 0 -204 1.236 1.059 1.148 Wave 
1.007 0.990 0.999 0.21 1 1.121 1.151 1.136 Wave 
1.033 1.017 1.025 0.208 1.034 1.121 1.078 Wave 
1.096 1.097 1.097 0.266 1.146 1.198 1.172 A- Jump 
1.213 1.213 1.213 0.460 1.234 1.242 1.23 8 Subcritical 
Table A.8 - Depth Measurements for the High Structure in a Series 
of Three with a Step Height of 1.05 ft 
Flow (cfs) high hd 1 high h, 2 Avg high hd high h, high h, Hyd. Jump Type 
0.963 0.985 1.013 0.999 0.082 1.270 Wave 
1.040 0.979 1.010 0.082 1.270 Wave 
0.986 0.082 1.270 Wave 
1.030 0.083 1.269 Wave 
1.097 0.089 A-JumpNave 
1.082 0.090 A-Jump 
1.274 1.066 0.120 Wave 
1.015 0.123 Wave 
1.047 0.123 Wave 
0.993 0.121 Wave 
1.132 0.126 A-JumplWave 
1,175 0,192 A-Jump 
1.840 1.161 0.155 Wave 
1.013 0.155 Wave 
1.006 0.158 Wave 
1.131 0.157 Wave 
1.229 0.242 A-Jump 
2.225 1.236 0.193 Wave 
1.121 0.195 Wave 
1.034 0.194 Wave 
1.146 0.193 Wave 
1.234 0.269 A- Jump 
Definition of Column Headings: 
low h, = depth of water in pool downstream of the low structure 
low h2 = smallest depth of water over the low structure 
low h, 1 = first depth measurement in pool between the low and middle structures 
low hu 2 = second depth measurement in pool between the low and middle structures 
Avg low hu = average of low h,,1 and low h, 2 
mid& 1 =low h,, 1 
mid&2=lowhu2  
Avg mid h,= Avg low h,, 
mid h2 = smallest depth over the middle structure 
mid hu 1 = first depth measurement in pool between the middle and high structures 
mid h,2 = second depth measurement in pool between the middle and high structures 
Avg mid h, = average of mid h,, 1 and mid h, 2 
highh, 1=midh,, 1 
high h, 2 =mid h,, 2 
Avg high hd = Avg mid h,, 
high h2 = smallest depth over the high structure 
high hu = depth in pool upstream of high structure 
